Introduction {#s02}
============

Cystic fibrosis (CF) is an autosomal recessive hereditary disease that afflicts more than 85,000 people worldwide ([@bib55]). The culprit of this illness, the *cftr* gene ([@bib167]), encodes a PKA-activated but ATP-gated anion channel in the epithelial cells lining the airway, the gastrointestinal tract, the biliary duct, the sweat ducts, the pancreas, and part of the reproductive organs. As a member of the ATP-binding cassette (ABC) transporter superfamily, the CFTR protein inherits the canonical motifs of two transmembrane domains (TMDs; transmembrane segments \[TMs\] 1--6 in TMD1 and TM7--TM12 in TMD2), each followed by a cytosolic nucleotide-binding domain (NBD1 and NBD2). A unique regulatory domain, located between two TMD--NBD complexes ([Fig. 1, A and B](#fig1){ref-type="fig"}), contains multiple consensus serine/threonine residues for PKA-dependent phosphorylation, which is a prerequisite for CFTR to function effectively as an ATP-gated ion channel ([@bib185]).

![**CFTR topology. (A)** Organization of different domains in CFTR. CFTR is a 1,480--amino acid polytopic glycoprotein in the ABC transporter family (ABCC7). It contains two TMDs (TMD1 and TMD2) that form the channel pore, two cytosolic NBDs (NBD1 and NBD2) that drive channel gating, and an intrinsically unstructured regulatory domain (RD) that controls channel activity via PKA-mediated phosphorylation. Each of the TMDs comprises six TMs. Each ICL or ECL represents the helical extensions of two adjacent TMs. Individual TM and ICL are numbered from the N terminus to the C terminus. **(B)** Topology of CFTR. The TMs are linked by six ECLs and four ICLs. ECL4 contains two consensus N-glycosylation sites (N894 and N900), which are depicted as branches. C, C terminus; N, N terminus.](JGP_201711946_Fig1){#fig1}

More than two decades of research have accumulated a plethora of data mostly from biochemical and biophysical studies of CFTR, which no doubt did shed some light on the structure/function relationship of this medically important molecule, but high-resolution structures of CFTR have not been available until very recently ([@bib227]; [@bib129]; [@bib228]). Although for human CFTR (hCFTR), only an unphosphorylated, closed channel conformation was reported, these pioneering structural studies already offer investigators an unprecedented opportunity to reexamine previously published biochemical/biophysical results as well as to propose possible new directions of research using the structure as a guide. In this article, instead of reviewing the literature across the board, we will focus our discussion on the "functional anatomy" of CFTR by explaining as much as possible published biochemical/biophysical data in the context of the first atomic structure of hCFTR or zebrafish CFTR (zCFTR). Five areas will be covered: roles of the R domain in CFTR function, asymmetrical pore and gate in CFTR, CFTR's gating machinery NBDs and TMD--NBD interfaces, molecular understanding of disease-associated mutations, and structural mechanisms of CFTR pharmacology. In light of the evolutionary relationship between CFTR and ABC exporters, we also take advantage of this opportunity to conjure up a possible schema depicting how the structural changes during evolution in CFTR make it a channel instead of a transporter. To avoid repetition with previous review articles, we refer our readers to other works focused more on specific subjects, e.g., [@bib72] for the R domain function, [@bib185] for the roles of NBDs in CFTR gating, [@bib124] for the CFTR pore, and [@bib100] for CFTR potentiators.

Roles of the R domain in CFTR function {#s03}
======================================

Phosphorylation of the R domain is essential for the activation of CFTR proteins ([@bib177]; [@bib157]). However, the detailed mechanism of how the R domain regulates the channel remains unclear despite extensive studies in the past decades. One technical difficulty in functional studies (perhaps biochemical/structural studies, too) of phosphorylation-dependent regulation is the uncertainty and likely large variability in the initial phosphorylation status of CFTR expressed in cells bearing unpredictable levels of kinase/phosphatase balance ([Fig. 2 A](#fig2){ref-type="fig"}). Although several phosphatases, such as λ-phosphatase, PP2A, PP2C, and alkaline phosphatase, were used to dephosphorylate the CFTR channel, the exact efficacy of these reagents and the effects on channel gating remained unclear ([@bib34]). The fact that a counterpart of the R domain is not found in other members of the ABC transporter family or any other proteins further complicates the issue. Indeed, bioinformatics research revealed that the R domain may have evolved from a previously noncoding sequence in the genome to bequeath CFTR a regulatory capacity for its channel function ([@bib176]). In the reported hCFTR structure ([@bib129]), the electron microscopy (EM) map of a presumably unphosphorylated R domain of CFTR is shown as an amorphous density that lies between two NBDs ([Fig. 3 A](#fig3){ref-type="fig"}). Different from the earlier structure of zCFTR ([@bib227]), an additional helical structure wedged in the internal vestibule of human orthologue is partially resolved ([Fig. 3 A](#fig3){ref-type="fig"}). This helix, likely consisting of residues 825--843 in the C terminus of the R domain, is proposed to interact with TM9, 10, and 12 of TMD2.

![**Single-channel behavior of human WT CFTR. (A)** A representative continuous single-channel trace of human WT CFTR in an excised inside-out patch showing an incremental activation of the channel activity upon addition of PKA (25 IU) and ATP (2 mM). Currents were recorded at room temperature with symmetrical 154 mM \[Cl^−^\]. Membrane potential was held at −50 mV; upward deflections represent channel opening (signals were inverted purely for the purpose of presentation). Dashed lines on the bottom of each trace mark the zero-current level. Microscopic kinetic parameters including open time (Tb), interburst duration (Tib), and open probability (*P~o~*) of each segment of the recording are presented above the trace. Of note, one can barely discern one single opening event in the first ∼20 s of the recording despite the presence of millimolar ATP, suggesting that before phosphorylation, the *P~o~* is exceedingly low even at millimolar ATP. However, the status of R domain phosphorylation is not known; one cannot rule out the possibility that some serine/threonine in the R domain had been phosphorylated by cellular PKA before patch excision. (Thus, assuming that the CFTR channel upon patch excision is completely dephosphorylated could be erroneous.) In the second and third traces for an overall time of 6 min, the channel activity is relatively low with a closed time constant \>1 s. A stable, high activity was not observed until ∼10 min after the addition of PKA and ATP. This result is consistent with the idea that phosphorylation-dependent activation of CFTR is more complex than a simple on--off switch. **(B)** ATP-dependent gating of a maximally phosphorylated human WT CFTR. Once the channel is fully activated, a *P~o~* of ∼0.4 with a closed time constant \<1 s was consistently observed in our laboratory ([@bib224]; [@bib234]; [@bib197]; [@bib97]; [@bib219]). Because the degree of phosphorylation can alter the *P~o~* of CFTR, the gating parameters reported in the literature are inevitably subject to the phosphorylation status of CFTR, which depends on the balance between kinase and phosphatase in the system. For example, when CFTR is expressed in *X. laevis* oocytes, the strong membrane-associated phosphatase activity will counter the action of exogenous PKA ([@bib45]); in some studies, CFTR currents in excised patches depend on the continuous presence of PKA as removal of PKA causes a sharp decrease of \>50% of the currents in seconds ([@bib214]; [@bib44]; [@bib190]).](JGP_201711946_Fig2){#fig2}

![**Interactions between the R domain and other components in CFTR. (A)** The overall ribbon diagram of the front (left) and back (right) view of hCFTR ([@bib129]). The EM density of the R domain is shown in red. **(B)** Bottom view of the structure revealing the interaction between the R domain and the NBDs. The side chains of the Walker A lysine of ATP binding site 1 (K464) and site 2 (K1250) are shown in sticks and labeled. **(C)** Side view of the structure demonstrating the proximity between the R domain and both the NBD1--ICL4 and NBD1--ICL1 interfaces. Individual TMs are labeled in number. **(D)** A graph highlighting the contacts between TMDs and the R domains. The dashed line marks the ion permeation pathway. M1140 in TM12 is labeled (see text).](JGP_201711946_Fig3){#fig3}

Although the structure of the overall R domain was not as well resolved as other parts of the CFTR protein, close examinations of the location of the density reveal contacts of the R domain with several functionally critical components of CFTR. These interactions may provide mechanistic insights into multifaceted functions of the R domain. By examining biophysical and biochemical data with respect to the functional role of the R domain, we will discuss the structure/function relationship of the R domain by covering several topics, including the intrinsic structural properties of the R domain, the interactions of the R domain with other domains such as NBDs, N- or C-termini, NBD--TMD interfaces, and the pore. This section will end by discussing the pros and cons of several hypothetic models for R domain function in the literature and pointing to some possible future directions of research.

Intrinsic structural properties of the R domain {#s04}
-----------------------------------------------

The structural properties of an isolated R domain have been studied previously using biophysical and biochemical methods. These studies ([@bib156]; [@bib16]) led to a consensus conclusion that the R domain is largely disordered irrespective of its phosphorylation status. As expected, the unphosphorylated and phosphorylated R domains in the cryo-EM structure are mostly unresolved ([@bib227]; [@bib129]; [@bib228]). Proteins like the R domain that lack stable secondary or higher-ordered structure but are biologically active are categorized as intrinsic disordered proteins (IDPs; [@bib216]). IDPs play an essential role in a variety of biological processes, such as protein--protein interaction, signaling, and regulation. The disordered nature of IDPs is thought to endow them the ability to interact with a broad range of binding partners, from small molecules to protein subdomains or other proteins ([@bib60]).

From the structural point of view, a low mean hydrophobicity and a high net charge are important features for not having a more compacted higher-ordered structure ([@bib198]). Such properties allow IDP to assume a better interaction with the aqueous environment, to bear a lower driving force for protein compaction, and to exert a stronger electrostatic repulsion to favor an unfolded structure ([@bib154]). Indeed, the R domain in hCFTR exhibits all these characteristics. The number of charged residues is 59 amid a total of ∼200 amino acids in the R domain (residues 645--843), and 60% of R domain residues are hydrophilic. Interestingly, the negatively charged residues in the R domain aggregate into two clusters, named NEG1 (725--733) and NEG2 (817--838) by [@bib217]. The sequence of NEG2, which coincides with the aforementioned segment of the R domain that interacts with TMDs, is highly conserved among species, and mutations that alter the charge in this region are identified, e.g., E822K, E826K, D828G, and D836Y, in the Cystic Fibrosis Mutation Database. Among them, E822K and E826K found in patients with CF were reported to have a reduced cAMP-induced chloride current ([@bib202]).

In addition to the high charge density the R domain already possesses, phosphorylation of several consensus sites can further increase the negative charges in this domain. Such a mechanism, along with other posttranslational modifications, is common among IDPs as a way to alter the binding affinity for different targets ([@bib95]). It was also shown that the serines subjected to phosphorylation remain highly conserved, whereas the rest of the R domain tolerates a relatively larger variation in sequence ([@bib157]). In the same review article, [@bib157] also summarize studies using a variety of strategies including partial or complete deletion of the R domain and single amino acid substitution on potential phosphorylation sites to address the issue of how the R domain modulates CFTR gating. Although these studies suggest that it is the spacing between these consensus serines instead of the overall structure of the R domain that is important for phosphorylation-dependent regulation of CFTR, detailed mechanisms for R domain function remain to be elucidated ([@bib157]). Nonetheless, the disordered nature of the R domain and the relatively fixed spaces between individual phosphorylation sites imply that its regulatory role depends on how the R domain interacts with different segments of CFTR and the dynamics of these interactions after phosphorylation.

Interactions of the R domain with NBDs and N- and C-termini {#s05}
-----------------------------------------------------------

Phosphorylation-dependent interactions between the R domain and both NBD1 and NBD2 were first revealed by elegant nuclear magnetic resonance (NMR) studies ([@bib16]; [@bib26]). By plotting the ratios of the resonance intensity with or without a binding partner as a function of the residues, the authors found that interactions between NBDs and several local regions of the R domain are attenuated after phosphorylation. Close inspection of the residues involved in the binding suggests that the interactions between NBDs and the R domain likely occur at the interface between NBD1 and NBD2. The cryo-EM structures of unphosphorylated CFTR indeed confirm that a significant portion of the R domain lies between the two NBDs ([Fig. 3 B](#fig3){ref-type="fig"}); one can hence deduce that the unphosphorylated R domain controls CFTR gating by preventing NBD dimerization, and phosphorylation relieves this inhibition ([@bib26]). Supporting this thesis, other functional studies also indicate that phosphorylation of the R domain facilitates NBD dimerization ([@bib139]) as well as ATP hydrolysis ([@bib113]; [@bib129]). The idea that the R domain inhibits CFTR function by interfering with NBD dimerization is further supported by the cryo-EM structure of a phosphorylated zCFTR possessing dimerized NBDs ([@bib228]). This latest structure showed no density representing the R domain after phosphorylation, indicating the dissociation of the R domain from the NBD interface. However, this simple idea is not likely to represent the whole picture of the regulatory function of the R domain. For instance, activation of CFTR mutants whose NBDs are defective in dimerization (e.g., G551D) or even partially truncated (e.g., ΔNBD2) remains phosphorylation-dependent ([@bib24]; [@bib50]; [@bib209]). Moreover, it has been noted for a long time that different degrees of phosphorylation, as well as different serine residues being phosphorylated, confer different levels of channel activity ([@bib72]; [@bib157]). Such graded regulation of CFTR gating by phosphorylation of the R domain is inconsistent with the simple "on-and-off" idea.

Aside from interacting with NBDs, the R domain has also been shown to interact with the N terminus or C terminus of the CFTR protein. For the N terminus, a cluster of conserved negatively charged amino acids was reported to play a role in controlling CFTR gating by interacting with the R domain ([@bib147]). However, this presumed binding of the R domain to these N-terminal residues is not dependent on phosphorylation. [@bib71] later showed that neutralizing these negatively charged residues does not alter phosphorylation of the R domain. Interestingly, this cluster of negatively charged residues happens to reside in a region of ∼60 residues (1--60) named lasso motif after its shape ([@bib227]). Although the cryo-EM structures did not show any direct contact between the R domain density and the lasso motif, the strategic position of this motif at the juncture between NBD1 and part of TMD suggests that any structural perturbation induced by mutations may by itself alter CFTR gating.

The interaction between the C terminus and the R domain was first demonstrated by NMR study of isolated peptides ([@bib26]). Contrary to the results described above for the N-terminal interaction, the affinity between the C terminus and the R domain increases with phosphorylation. In addition, this interaction between the C terminus and the R domain causes a large chemical shift, indicating significant disorder-to-order conformational changes for a particular subsection of the R domain. Although the structures of CFTR did not show a specific interaction between the R domain and the C terminus ([@bib227]; [@bib129]), this is perhaps not surprising because a significant portion of the C terminus is not resolved in the cryo-EM structures. Nonetheless, an interesting possibility is that part of the unresolved C terminus may serve as a docking site for the phosphorylated R domain.

Interactions of the R domain with NBD--TMD interfaces {#s06}
-----------------------------------------------------

Although the cytoplasmic NBDs serve as gating machinery, CFTR's pore and gate reside in its TMDs. Thus, the interfaces between NBDs and TMDs likely play an important role in coupling NBDs motion and gate opening in TMDs, a subject discussed in the following section. Indeed, the gating trajectory from the ATP binding site to the gate through NBD--TMD interfaces has been extensively mapped ([@bib186], [@bib187]). As mentioned above, activation of the mutations like G551D or ΔNBD2 is still phosphorylation dependent, so it's possible that the R domain also regulates the channel activity through interacting with the NBD--TMD interfaces or the pore region. In the cryo-EM structures ([Fig. 3 C](#fig3){ref-type="fig"}), we notice a portion of the R domain density located in proximity to the interface between NBD1 and intracellular loop (ICL) 4 (connecting TM10 and TM11). The functional significance of this particular interface is not clear, but it is noted that many disease-associated mutations, including the most common ΔF508, are clustered in this region. There are also studies suggesting that several mutations located at this interface, including ΔF508, are associated with slower phosphorylation-dependent activation ([@bib207]; [@bib38]). Further NMR studies provide evidence that the ΔF508 mutation may affect phosphorylation-modulated domain--domain interactions ([@bib102]). [Fig. 3 C](#fig3){ref-type="fig"} also shows part of the R domain density near the NBD1--ICL1 interface; however, the functional significance of this interaction is unclear. Nonetheless, because these ICL--NBD interfaces likely undergo conformational changes as the two NBDs approach each other to form a canonical dimer, dissociation of the R domain from these interfaces must also occur after phosphorylation.

Interactions between the R domain and the pore {#s07}
----------------------------------------------

Perhaps the most intriguing finding in the cryo-EM structure of hCFTR ([@bib129]) is that a helix (residues 825--843) in the R domain protrudes into the internal vestibule of the anion permeation pathway in CFTR ([Fig. 3, A and D](#fig3){ref-type="fig"}). This helix happens to overlap with the aforementioned NEG2 (residues 817--838) reported first by [@bib217]. They predicted that the NEG2 is a helix with most of the negatively charged residues lining up on one face of the helix. Deletion of NEG2 (ΔNEG2) results in a phosphorylation-independent channel, albeit with a lower *P~o~*. Also interestingly, cytoplasmic application of synthetic NEG2 to WT CFTR increases the *P~o~* at a low concentration but completely shuts down the channel at a higher concentration, suggesting two binding sites with opposite actions, a conclusion further supported by results that these two actions of NEG2 peptides are differentially sensitive to perturbations of the charges or of the helical tendency. These functional data, together with the strategic position of this helix, suggest that this part of the R domain may serve as a "master switch" for CFTR's TMDs---dislocation of the helix away from the internal vestibule enables the TMDs to undergo gating conformational changes ([@bib129]; also see below).

The observation that a negatively charged helix is wedged in the internal vestibule may also offer a possible explanation for some seemingly conflicting data from substituted cysteine accessibility method (SCAM) studies of the pore-lining residues (see next section for more details). For example, [@bib15] found that M1140C (methionine to cysteine mutation at position 1140) in TM12 ([Fig. 3 D](#fig3){ref-type="fig"}) can be modified by thio-specific reagents from the intracellular side in both closed state and open state after phosphorylation, and thus proposed a gate located external to M1140. In contrast, [@bib160] reported that M1140C could not be modified before phosphorylation, suggesting a phosphorylation-controlled "gate" internal to this very position. However, if this helix in the R domain does serve as a cytoplasmic gate in the cytoplasmic side of the pore, accessibility to positions between M1140 and this helix should also be phosphorylation dependent; oddly, they are not ([@bib160]). This discrepancy may reflect one of the major difficulties in studying phosphorylation-dependent events again: the uncertainty of the phosphorylation status of the R domain in the initial control condition because of variable balance of cellular kinase/phosphatase activities among cells ([Fig. 2 A](#fig2){ref-type="fig"}).

Future direction of research {#s08}
----------------------------

We have thus far summarized and discussed how previous researchers tackle the protean function and regulation mechanism of the R domain using different biochemical and biophysical approaches and how these functional studies can or cannot account for the newly resolved structures of CFTR. Collectively, three models for the role of the R domain in gating control emerge based on the experimental results. [@bib16] summarized the dynamic interactions between the R domain and other domains based on NMR studies, which bear a distinct advantage of being able to resolve individual segments responsible for the interaction with different binding partners, as well as providing the structural dynamics upon phosphorylation. This model enables us to understand the regulatory mechanism of the R domain as a series of intricate local interactions instead of a simple on-and-off process. However, the obvious caveat of this approach is that isolated peptides, instead of the whole CFTR protein, are used as experimental materials.

To explain a possible stimulatory role of the phosphorylated R domain, [@bib156] proposed a model depicting multiple phosphoserines in the R domain interacting with different locales in CFTR. Such a model nicely explains how a random coil or IDP can regulate a highly structured protein. However, the revelation of multiple interactions between the unphosphorylated R domain and other parts of CFTR by cryo-EM data indicates that the unphosphorylated R domain, by contacting multiple segments of CFTR known to be functionally important, must exert some effects on the channel. Unfortunately, the only structure of a phosphorylated CFTR didn't resolve any density representing the R domain ([@bib228]).

Based on the idea that the R domain assumes an inhibitory function in CFTR gating, [@bib129] proposed a model for the regulatory role of the R domain. In this model, the unphosphorylated R domain can dissociate from its original positions slowly, so there's a small fraction of active channel noted before the application of PKA. Phosphorylation of the dissociated R domain will stabilize the structure and prevent the R domain from returning to its inhibition positions. This simple kinetic model precisely explains the sigmoidal time course for phosphorylation-dependent activation of macroscopic CFTR currents. However, a much more complicated scenario is needed to account for the experimental results, suggesting a graded regulation of CFTR gating with different extents of phosphorylation ([@bib93]), or a possible role of inhibitory phosphorylation sites ([@bib215]; [@bib45]). As discussed above, the uncertainty of the phosphorylation status before the addition of exogenous PKA in patch-clamp experiments also hinders accurate measurements of the activity for a truly unphosphorylated CFTR.

In light of such a complex regulatory process in phosphorylation-dependent gating regulation ([@bib90]), we believe that attaining a comprehensive model for R domain function may require an integration of many of the mechanistic insights gained from different approaches. For example, one may divide the R domain into several subdomains based on the individual interaction segments revealed by the NMR and cryo-EM data and design biophysical or biochemical assays to probe the functional effects as well as the structural properties of each interaction before and after phosphorylation. As the cAMP-PKA pathway plays a key physiological role in regulating CFTR function in vivo, understanding the molecular mechanism of how the R domain itself is modulated is an imperative task.

Asymmetrical pore and gate in CFTR {#s09}
==================================

An ion channel, CFTR included, is simply a gated pore with the capacity to select for particular ions. Biophysical data collected over the past two decades suggest a continuous chloride permeation pathway in CFTR consisting of, from the cytoplasmic side to the extracellular side, (a) a lateral entrance ([@bib65]; [@bib66]) between TM4 and TM6, (b) a large internal vestibule ([@bib15]), (c) a narrow region that may serve as a gate and selectivity filter ([@bib74]; [@bib123]), and (d) a shallow external vestibule ([@bib145]; [@bib150]). Although the three atomic CFTR structures solved so far all assume nonconductive conformations ([@bib227]; [@bib129]; [@bib228]), they do reveal a lateral opening between TM4 and TM6, a large internal vestibule, and a nonconductive region located at the external end of the permeation pathway ([Fig. 4 A](#fig4){ref-type="fig"}). In the following subsection, we will use the cryo-EM structure of hCFTR as our major reference to summarize previous functional studies that match these structural features. Meanwhile, we will try to resolve some of the discrepancies in the literature regarding the pore-lining amino acids and the location of CFTR's gate. At the end of this section, we will use existing data to project a rough picture of CFTR's anion permeation pathway upon gate opening with additional help from the recently resolved phosphorylated, ATP-bound structure of zCFTR ([@bib228]).

![**Lateral view and top view of the TMDs in the cryo-EM structure of hCFTR. (A)** Lateral view of the TMDs featuring a lateral entrance framed by TM4 (red) and TM6 (black), the surface view of the internal vestibule (gray), and a nonconductive region where close contacts among TMs obstruct the pore. Other 10 TMs are shown as ribbons in light purple. A yellow dot marks the end of the water-accessible space in the internal vestibule. Of note, the yellow dot is shifted away from the central axis of the pore. The functional implications of this structural feature are discussed in the text. **(B)** Top view of the TMDs. Color code is the same as used in A. Several residues in the external part of the TMDs (violet, R104; green, D110; gold, E116; brown, R117; salmon, R334; yellow, K335; and blue, E1126) were reported to affect the stability of the channel architecture or permeation properties. The distances between selected residues are shown in dashed lines, and the potential functional significance of these residues is discussed in the text.](JGP_201711946_Fig4){#fig4}

Structure and function of the internal vestibule {#s10}
------------------------------------------------

As the open-channel conformation of CFTR possesses a tightly associated cytoplasmic NBD dimer in a head-to-tail configuration ([@bib203]), it is unlikely for the permeant ions to traverse the pore through a perpendicular, central axis of CFTR that is obstructed by the dimerized NBDs at the cytoplasmic end. Homology models of CFTR's open state based on Sav1866 ([@bib54]) suggest anion entryways on the sides of the protein ([@bib143], [@bib144]; [@bib150]), much like the path for ions entering the pore in K^+^ channels ([@bib132]). Interestingly, early cryo-EM studies did suggest the presence of "side-windows" in CFTR ([@bib141]). The first piece of functional evidence for a lateral entrance was provided by [@bib65]. In their study, all 16 positively charged residues (R, K, and H) along TM5/8, TM2/11, TM10/12, or TM4/6 and their intracellular extensions, which form four potential tunnels proposed by [@bib144], were tested. By changing the charge status of these 16 positions, they showed that mutations and/or covalent modification on each of the six cysteine substituted residues, K190C (TM3), R248C (TM4), R303C (TM5), K370C (TM6), K1041C (TM10), and R1048C (TM10), alter the single-channel amplitude in a charge-dependent manner. Interpreting these data in the context of the SAV1866-based homology model ([@bib144]), [@bib65] proposed that these positively charged residues serve as surface charges at the entry points of the pore. Furthermore, as introducing a negative charge into positions 190 (TM3), 248 (TM4), 303 (TM5), and 370 (TM6) decreases the single-channel current amplitude significantly more than that at positions 1041 (TM10) and 1048 (TM10), it is further suggested that the lateral entrance between TM4 and TM6 serves as a major portal of entry, whereas the entrance between TM10 and TM12 plays a minor role. The cryo-EM structures indeed confirmed that the side chains of all six positively charged residues protrude into the internal vestibule that is constructed by two pseudo-symmetric flanks of the TMDs. The internal vestibule has two opposing lateral clefts opening toward the cytoplasm: a larger opening framed by TM4 and TM6 consistent with what is proposed ([@bib65]), and a smaller one by TM10 and TM12. This latter opening in the unphosphorylated closed state of hCFTR is unlikely to be conductive because of an obstruction by part of the R domain as elaborated above in the R domain section. In the phosphorylated, closed-state structure of zCFTR whose NBDs are in a dimeric form ([Figs. 11](#fig11){ref-type="fig"} and [12](#fig12){ref-type="fig"}), the internal vestibule again opens to the aqueous environment between TM4 and TM6 with an opening smaller than that in the unphosphorylated zCFTR, where the two NBDs are widely separated ([@bib227]; [@bib228]). However, the widest distance between TM4 and TM6 flanking this cleft is 16.0 Å (measured between two opposing α-C atoms from zL254 in TM4 and zR367 in TM6), large enough for the solvent (or chloride), the MTS reagents,[^1^](#fn6){ref-type="fn"} and pore blockers such as glibenclamide to enter the pore. Interestingly, in this phosphorylated, ATP-bound structure of zCFTR where the R domain is no longer wedged between TM10 and TM12 ([@bib228]), the lateral opening between TM10 and TM12 is still extremely narrow, casting doubt on the conductivity along this very path for an open channel with dimerized NBDs. Indeed, some follow-up experimental data on the cytoplasmic entrance of CFTR from the same group reiterate a major role of the portal between TM4 and TM6 ([@bib114]).

If we accept the idea that the latest phosphorylated, ATP-bound zCFTR structure ([Figs. 11](#fig11){ref-type="fig"} and [12](#fig12){ref-type="fig"}) is closely similar to an open-channel conformation at the cytoplasmic end of its TMDs, the observation of a dimerized NBD with clear open access to the internal vestibule supports the "degenerate gate" hypothesis, which states that unlike other ABC exporters with one internal gate and one external gate, the internal gate of CFTR is degraded, resulting in only the external gate regulating the ionic flow. For ABC exporters, dimerization of NBDs provides the "power stroke" to convert an inward-facing conformation of the substrate translocation pathway with a closed external gate to an outward-facing conformation with a closed internal gate ([@bib36]). This alternating access model, together with the degenerate gate hypothesis, has been used to explain CFTR's gating motion ([@bib15]). But why does the external gate remain closed in this structure with dimerized NBDs? This question will be addressed in the next section when we discuss NBD--TMD coupling. Nonetheless, it should be noted that a different picture of degraded transporter hypothesis was proposed by Linsdell's group ([@bib204],[@bib205]). Their data suggest that the TMDs assume an inward-facing conformation in the open state, but an outward-facing conformation in the closed state. However, part of the evidence used to derive this opposite theory comes from SCAM experiments showing accessibility of engineered cysteines at positions in both TM1 and TM6 to bulky MTS reagents applied from either side of the cell membrane, observations contradicting the idea that CFTR's pore has a narrow segment preventing passage of reagents \>5.3 Å ([@bib125]). Regardless of these controversies, on a closer look at the conformation of these three cryo-EM structures so far published, the basic architecture of CFTR is consistent with that of ABC exporters ([@bib173]; [@bib54]): when one divides the whole protein into halves by these two potential ion entry ports, one half is constructed by TM1, 2, 3, 6, 10, and 11, and the other by TM7, 8, 9, 12, 4, and 5 ([Figs. 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}).

![**Comparison of the architecture of TMDs between hCFTR and P-glycoprotein. (A)** Top view of the TMDs in the cryo-EM structure of hCFTR (Protein Data Bank \[PDB\] accession no. [5UAK](5UAK)). Arrows indicate the cytoplasmic gaps of the internal vestibule between TM4 and TM6 and between TM10 and TM12. Dark blue, TMD1; cyan, TMD2. **(B)** Symmetrical architecture of the TMDs in P-glycoprotein (PDB accession no. [4KSB](4KSB)). The color code is the same as in A. Although CFTR evolves from ABC transporters and serves as an anion channel, the basic architecture of the TMDs in CFTR follows the pseudo-symmetrical mode found in ABC exporters. However, some modifications of this basic architecture are needed for CFTR to work as a channel (an issue discussed throughout this article).](JGP_201711946_Fig5){#fig5}

The cryo-EM structures also offer an unparalleled opportunity for checking the pore-lining segments proposed based on functional data particularly from SCAM.^1^

To date, functional data collected from SCAM studies have suggested that CFTR's pore is constructed by TM1 ([@bib210]; [@bib76]), TM3 ([@bib150]; [@bib66]), TM4 ([@bib66]), TM5 ([@bib225]; [@bib66]), TM6 ([@bib68]; [@bib6]; [@bib14]; [@bib62]; [@bib150]; [@bib66]), TM9 ([@bib150]), TM10 ([@bib65]), TM11 ([@bib211]), and TM12 ([@bib15]; [@bib160]; [@bib150]; [@bib74]). Table S1 summarizes the published positions of each TM where engineered cysteines can be modified by either internal or external application of thiol modification reagents. Through checking the solvent accessibility ([@bib110]) and surface exposure of each residue in the internal vestibule of the cryo-EM hCFTR structure, we found that, with some exceptions (elaborated below), many of the pore-lining residues reported in SCAM studies are indeed water accessible in this closed-state cryo-EM structure (Table S1).

Perhaps the most intriguing and surprising finding in the cryo-EM structures is that the pore is architecturally asymmetrical. Unlike other ABC exporters, which show a twofold symmetry of the TMDs along the central axis of the protein ([Fig. 5 B](#fig5){ref-type="fig"}) because their TMD1 and TMD2 are structurally similar if not identical, CFTR's TMD2 is quite different from its TMD1 in that TM8 bears a short segment of loop-like structure interrupting the continuity of the helix ([Fig. 6](#fig6){ref-type="fig"}). The distorted segment of TM8 impinges toward the central vertical axis of the pore. The accompanied lateral displacement of TM7 away from the core of the protein renders TM7 being located at a different position than its counterpart TM1 ([Fig. 6 A](#fig6){ref-type="fig"}). This breakdown of twofold symmetry nicely explains why TM7 does not contribute to the pore formation ([@bib211]; [@bib225]), whereas TM1 is pore-lining ([@bib210]; [@bib76]). This same local impingement of TM8 also enables its contacts with TM9 and TM12, which are not seen between their counterparts TM2, TM3, and TM6 in TMD1. These structural deviations away from twofold symmetry may explain some of the existing data supporting the asymmetry of the pore. For instance, a slight displacement of TM12 medially toward the central axis not only results in an obvious asymmetry in relation to the central axis between TM6 and TM12 but also brings TM12 closer to TM10 to form a smaller lateral entrance between these two segments as discussed above. This different positioning of TM6 and TM12 likely accounts for the functional data that implicate an asymmetrical contribution of these two pivotal TMs in forming the ion permeation pathway (Table S1; [@bib74]). For example, pore-lining residues from the bent TM12 are more consecutive (M1137--T1142 and V1147--S1150), as if more than two faces of an α helix are exposed to the pore, a feature not seen with the straight TM6 ([@bib14], [@bib15]). As elaborated in more detail below, whereas T338 and S341 in TM6 may contribute to the formation of the narrowest segment in the pore, there is little functional evidence supporting an equivalent role for residues in TM12 ([@bib74]).

![**Distortion of CFTR's TMD2 breaks twofold symmetry of the TMDs. (A)** Lateral view of part of CFTR's TMDs featuring asymmetrical arrangements between TM1 (blue) and TM7 (purple) and between TM2 (violet) and TM8 (red). The internal vestibule is shown in a gray surface view. The loop-like structure in a small segment of TM8 (G921--L935 in hCFTR) is distinct from the typical helical structure of TM2, and the impingement of this loop-like segment of TM8 toward the central vertical axis likely pushes TM7 away from the permeation pathway so that TM7, contrary to TM1, is not pore lining. The dashed box is enlarged in B. **(B)** E92 (black) and K95 (dark blue) in TM1 form an intra-helical salt bridge. **(C)** Top view of the TM pairs in A shows clearly that TM7 is located at the periphery of the protein with little contact with the internal vestibule (in gray surface view).](JGP_201711946_Fig6){#fig6}

Of note, these unexpected asymmetrical structural features can also serve as a guide for further experimental explorations. For example, five yet-to-be-studied residues (H146, I142, H139, L138, and R134) in TM2, but none in its counterpart TM8, are solvent accessible in the internal vestibule. Furthermore, as these atomic structures of CFTR show that the wider internal vestibule becomes narrower as the permeation pathway ascends toward the external end, one expects far more TMs making contributions to pore construction in the cytoplasmic end than at the periplasmic end of the anion permeation pathway. However, so far, the strongest functional data only support TM1 and TM6 as major players in making up the narrow portion of the pore. Thus, it takes at least one more TM to make the way for the last mile of chloride permeation. The definitive answer to this issue will have to await the solution of an open state, because neither current SCAM data nor available structures are of significant help.

Ion channel proteins have evolved to solve a fundamental problem in every living being: the rapid translocation of ions across the insurmountable energetic barrier of lipid bilayers. For CFTR to work as an effective anion channel, it has to be equipped with the structural characteristics that bestow energetically favorable conditions facilitating every step in the translocation process for an anion. This will include attraction of bulk anions to the cytoplasmic entrance, entry of ions into the pore, sloughing off some of the hydration water molecules to pass through the narrowest region, and final rehydration and exit out of the channel.[^2^](#fn7){ref-type="fn"}

This "design" principle for an ion channel is perhaps best exemplified in the crystal structure of the KcsA K^+^ channel ([@bib57]), where negatively charged amino acids located at the entrance of the pore serve as surface charges to concentrate cations around the channel mouth, negative electrostatic dipoles from the pore helices stabilize K^+^ ion in the center of the pore, and partial negative charges of the backbone carbonyl oxygen cage multiple K^+^ ions in the selectivity filter. Given that the electrostatic charge--charge or charge--dipole interaction is one of the basic laws of the universe, it is reasonable that equivalent design principles should also apply to anion channels. In the absence of an evolutionary pressure for selecting different anions, most anion channels do not need to equip themselves with a highly selective mechanism; they nonetheless do require a mechanism for differentiating anions from cations. Indeed, as discussed above, some positively charged residues, such as K190 (TM3), R248 (TM4), and R370 (TM6), at the cytoplasmic entrance in CFTR may attract chloride from the bulk solution to the channel mouth to ensure a higher chloride conductance through a long-range surface-charge mechanism ([@bib65]). Some charged residues seen within the internal vestibule such as K95, R352, and R303 ([@bib227]; [@bib129]), neutralization of which dampens the single-channel conductance ([@bib13]; [@bib47]; [@bib14]; [@bib231]; [@bib63], [@bib65]; [@bib151]; [@bib76]; [@bib225]), may serve to tune the energetic profile within the internal vestibule to favor the movement of anions from the cytoplasmic entrance to the interior of the pore. As the chloride ion moves into the spatial internal vestibule that is large enough to accommodate ∼180 water molecules (seen in the phosphorylated ATP-bound zCFTR structure; Norimatsu, Y., personal communication), it is likely still fully hydrated and thus won't be stalled by these positively charged residues. Contrary to the idea that these charged side chains serve as individual "anion binding sites" proposed in [@bib124], we think the role of positively charged residues in the internal vestibule is to create a favorable electropositive potential for anions.

If chloride permeation is indeed facilitated and tuned globally by the charged residues along the permeation pathway following the basic laws of electrostatics, it is not surprising that similar electrostatic forces also work on other negatively charged molecules such as channel blockers. Indeed, the K95Q mutation shows dramatically weakened blocking effects of \[Au(CN)~2~\]^−^, SCN^−^, and C(CN)~3~^−^ ([@bib170]). Furthermore, mutations of K95 were also reported to weaken the blocking effects of 4,4-dinitrostilbene-2,2-disulfonic acid, lonidamine, 5-nitro-2-(3-phenylpropylamino)benzoate (NPPB), or taurolithocholate-3-sulfate ([@bib119]). Similarly, R303Q or R303C, R248Q, and K370Q weaken the inhibitory effects of suramin and 4,4-dinitrostilbene-2,2-disulfonic acid ([@bib189]; [@bib114]). Glibenclamide block is weakened by the neutralization mutations within the internal vestibule such as K95Q, R303Q, R303C, or R352C ([@bib119]; [@bib189]; [@bib14]; [@bib225]). As the anion translocation---for chloride or large organic anions---is a continuous process and is deemed to be affected by the local electrostatic potential in the internal vestibule, the apparent affinities of anionic blockers are inevitably affected by charge manipulations along their path. Without better evidence, it is inappropriate to assign these charged residues as definitive binding sites for chloride ions or anionic blockers (compare [@bib119]; [@bib170]). As the internal vestibule of the phosphorylated ATP-bound zCFTR can accommodate a plethora of water, we consider the whole internal vestibule as one "anion binding site" where the relatively electropositive potential stabilizes the presence of a fully hydrated chloride ion in CFTR's internal vestibule---a picture emulating the hydrated potassium ion in the central cavity of the KcsA K^+^ channel ([@bib57]).

Another important role assumed by the positively charged residues in the pore is to neutralize the negatively charged side chains that may pose unfavorable local energetic profile for anion permeation. For instance, [@bib47] reported that the decreased single-channel amplitude by the R352E mutation was reversed by R352E/D993R, suggesting a local charge network between TM6 and TM9. The cryo-EM structures indeed show that R352 and D993, two conserved amino acids, mutations of which are associated with CF, reside on a similar horizontal level in the internal vestibule. Although this charged pair is separated by a distance of 14.7 Å in the hCFTR structure, and 13.7 Å in the newly solved structure of phosphorylated ATP-bound zCFTR ([@bib228]), biochemical studies show that they can be cross-linked by a lengthy cross-linker when mutated to cysteines ([@bib52]). In addition, supporting a role of this charge--charge interaction in gating, neutralization of R352 decreases the *P~o~* ([@bib47]).

Although examining the positions of charged residues in the pore, we also noticed an intra-helical salt bridge between E92 and K95 in TM1 ([Fig. 6 B](#fig6){ref-type="fig"}). Because E92 is positioned at a region where the internal vestibule becomes fairly narrow in dimension, it seems critical to neutralize this negative charge to ensure a fast anion movement across the pore. Previous studies indeed showed a drastic decrease of the single-channel amplitude by the K95S or K95Q mutation ([@bib231]; [@bib63]). The functional importance of this charged pair is further testified to by the fact that E92K is pathogenic ([@bib77]), but a rigorous study on this mutant is missing. Collectively, an energetically favorable profile for anion movement in the pore requires a balanced and well-tuned cross talk involving multiple charged residues along the permeation pathway, although different charged residues may play different functional roles in gating, permeation, or even protein folding/maturation.

Functionally important residues in the extracellular domain {#s11}
-----------------------------------------------------------

SCAM and site-directed mutagenesis have also been used to identify functionally relevant residues on the extracellular side of CFTR. To date, these studies have identified a few externally accessible residues in TM1 ([@bib76]) and TM3 ([@bib150]), TM5 ([@bib225]), TM6 ([@bib183]; [@bib21]; [@bib68]; [@bib6]; [@bib150]), TM9 ([@bib150]), TM11 ([@bib69]; [@bib211]), and TM12 ([@bib150]; Table S1). Compared with the results from SCAM experiments with internally applied thiol-specific reagents, many fewer positive hits on the external side of the channel suggest that the extracellular vestibule, if it exists, is much shallower than the internal vestibule. We also noted that in many cases, introducing a bulky negatively charged adduct in these "positive hits" only decreases the macroscopic current \<50% (e.g., A107C in TM1, A326C and L323C in TM5, and T1121C, S1118C, and T1115C in TM11; [@bib76]; [@bib211]; [@bib225]). In contrast, much larger effects were observed only for a few positions in TM1 (e.g., I106C and Y109C) and TM6 (e.g., R334C, I336C, and T338C; [@bib150]; [@bib76]). Without further experimental evidence, we should be cautious in assigning the role of TM5, 9, 11, and 12 in the construction of the external portion of the pore.

Sequence alignment and homology modeling have also identified a few conserved positively charged residues on the extracellular part of CFTR. Several studies show that neutralization mutations of R104 (TM1), R117 (TM2), R334 (TM6), or K335 (TM6) reduce the single-channel amplitudes and may cause an inward rectification of the I-V relationship ([@bib183]; [@bib230]). In addition, abundant evidence supports an electrostatic role of R334 (and perhaps K335) in promoting chloride conductance. For instance, independent SCAM studies not only corroborate the idea that TM6 lines the whole length of the anion permeation pathway ([@bib15]; [@bib150]) but also suggest R334 as a pore-lining residue ([@bib68]; [@bib6]; [@bib150]). As a closed-state conformation, the cryo-EM structures may provide limited molecular insights into the constituents of the external portion of the pore. It is nonetheless worth noting that the positively charged side chains of R104, R117, R334, and K335 are all oriented away from the central axis of the protein in three cryo-EM structures ([Fig. 4 B](#fig4){ref-type="fig"}). These observations, plus the fact that the internal vestibule makes up the largest part of the pore with little room for a major contribution from the extracellular residues to the pore construction, lead us to propose that the external pore entrance is sitting on a shallow "vestibule" with some of the aforementioned positively charged residues serving in the role of concentrating chloride ions to the pore.

Some of the external charged residues have also been shown to be important for CFTR gating. For instance, [@bib49] reported that D110R, E116R, and R117A mutations dramatically reduced the *P~o~* by decreasing the open burst duration. They also provided evidence for electrostatic interactions between D110 and K892, as well as between R117 and E1126 ([@bib49]). Indeed, in the cryo-EM structure, D110, E116, and R117 are located at the external surface of CFTR, but without the open-channel structure that reveals the relative positions of these residues, it is difficult to assign the functional roles of these potential charge--charge pairs. Nonetheless, in the cryo-EM structure of hCFTR ([@bib129]), the distances between R117 and E1126 and between E116 and R104 are 14.6 Å and 12.4 Å, respectively ([Fig. 4 B](#fig4){ref-type="fig"}). The equivalent pairs in zCFTR are also widely separated by 10.7 Å and 10.5 Å, respectively, in unphosphorylated zCFTR ([@bib227]), and 9.5 Å and 11.7 Å, respectively, in phosphorylated zCFTR ([@bib228]).

One obvious limitation with the current cryo-EM structures is that they do not reveal the conformational details of the external portion of an open pore so that some of the positions shown to be functionally relevant do not find a clear mechanistic explanation (Table S1). In addition to the charged residues discussed above, the case in point here includes residues T338 in TM6 and I106 in TM1 identified by SCAM studies ([@bib150]; [@bib76]) as the accessibility limit for channel impermeant thiol-reagent MTSES^−^ applied from the extracellular side. They are actually buried deeply in the protein core in the cryo-EM structures. This discrepancy, as well as many that will be elaborated on below, begs for answers that probably will be granted once the structure of CFTR's open state is solved. Nonetheless, as the phosphorylated zCFTR structure suggested an unexpected contribution of the external segment of TM8 to gating and external pore construction ([@bib228]), it seems urgent to gather functional data on this long-neglected TM.

Location of CFTR's gate {#s12}
-----------------------

In the absence of a high-resolution open-channel structure, we can only rely on data from functional studies to get a rough picture of an open pore. Both SCAM and classical biophysical experiments suggest a narrow region that may serve at least as a size filter between the shallow external vestibule and the large internal vestibule ([@bib90]; [@bib121], [@bib124]; [@bib185]). On the one hand, by externally applying bulky MTS reagents, external accessibility limit positions (i.e., the external edge of the narrow region) are identified as I106 in TM1 and T338 in TM6. On the other hand, internal applications of the same reagents have identified positions that serve as the internal accessibility limit at L102 in TM1 and S341 in TM6. This alignment of internal and external edges of the narrow region in the pore at TM1 and TM6 is further supported by experiments using the strategy of cross-linking a pair of cysteines. [@bib75] show that cysteine pairs such as L102C/S341C, L106C/F337C, A107C/F337C, and A107C/T338C can be coordinated by Cd^2+^. On the contrary, S1141C in TM12 coordinates Cd^2+^ with K95C and M348C, positions two helical turns internal to L102 and S341, respectively ([@bib231]; [@bib75]). This close alignment between residues in TM1 and TM6 is also supported by the results that cysteine pairs Q98C/I344C and K95C/I344C form disulfide bonds in the presence of the oxidizing agent copper(II)-o-phenanthroline ([@bib210]). Indeed, the current cryo-EM structure of CFTR confirms the close distance between L102 and S341 (9.1 Å) with L102 buried in the protein core and S341 positioned at the internal limit of the water accessible area in the internal vestibule ([Fig. 7 B](#fig7){ref-type="fig"}). Although, based on SCAM data, the internal accessibility limit residues such as I215 in TM3 ([@bib150]; [@bib66]), G241 in TM4 ([@bib65]), F311 in TM5 ([@bib225]), V1010 in TM9 ([@bib150]), S1118 in TM11 ([@bib211]), and M1140 in TM12 ([@bib6]; [@bib15]; [@bib160]) also contribute to the pore formation (Table S1), none of these residues are close to L102 or S341 in the three cryo-EM structures. Thus, if we accept the idea that the accessibility limits structurally define the points where the ion permeation pathway becomes physically constricted, the narrowest segment of the pore in CFTR might also be constructed asymmetrically with TM1 (not TM7) and TM6 (not TM12), making major contributions. However, the cryo-EM closed-state hCFTR structure does show a close association of TM12 with TM1 and TM6 at the narrowest point of the internal vestibule ([Fig. 7](#fig7){ref-type="fig"}). One possibility to resolve this apparent contradiction is that gate opening involves motions that move TM12 away from the narrowest segment of the pore.

![**Narrow region of the internal vestibule largely contributed by TM1, TM6, and TM12. (A)** Top view of the narrow region of the internal vestibule lined by TM1, TM6, and TM12. The external end of the internal vestibule is indicated with a yellow dot as in [Fig. 4](#fig4){ref-type="fig"}. Marine, TM1; deep purple, TM6; and cyan, TM12. Arrow indicates the lateral entrance between TM4 and TM6. **(B)** Lateral view of the alignment of TM1, TM6, and TM12 contributing to the narrow region. Residues are shown as sticks and labeled in the same color as the TMs. Of note, the yellow dot is in close proximity to S341 in TM6 and L102 in TM1, both of which define the internal limits of the narrowest region of the pore from SCAM studies.](JGP_201711946_Fig7){#fig7}

The SCAM studies using positively charged reagents such as MTSET^+^ and Cd^2+^ also provide some surprising insights: as they can readily reach residues sitting deep in the internal vestibule (e.g., S341 in TM6 and L102 in TM1), or positions at the external edge of the narrow region (e.g., T338 in TM6), the narrow region itself must be able to exclude these cations but allow small anions to pass by. In other words, the narrow region should play a key role in differentiating cations from anions. We can take one step further: to be differentiated from cations, permeating anions should be dehydrated to some degree before entering the narrow region. In this regard, only anions with radii similar to those of chloride ions (3.6 Å) such as NO~3~^−^ and HCO~3~^−^ are permeant within this narrow region that spans one helical turn (T338--S341 in TM6). Hence, we propose that the narrowest region of CFTR's pore serves as both a size filter and a charge filter. This latter idea is supported by some mutational studies. For instance, mutations of F337 lead to a loss of the characteristic lyotropic selectivity sequence for various anions with different hydration energy ([@bib127]). Furthermore, mutations of S341 or T338 significantly but L102 weakly alter the permeation properties of CFTR ([@bib126]; [@bib118]; [@bib137]; [@bib148]).

The functionally defined narrow segment of the pore (i.e., between T338 and S341 in TM6) also may be the exact location (or part) of the gate as proposed by [@bib74]. Using the channel-permeant thiol probe Au\[CN\]~2~^−^, which has a size similar to chloride ([@bib182]), [@bib74] showed that I334C, F337C, and T338C (residues external to the narrow region) are only reactive to internal Au\[CN\]~2~^−^ in the presence of ATP but not in the absence of ATP (see [Fig. 7 B](#fig7){ref-type="fig"} for relative position), whereas a substituted cysteine engineered at position 344 one helical turn internal to the narrow region can be modified, albeit with a much slower rate, in the presence or absence of ATP. These results suggest an ATP-controlled gate located between I344 and T338 in TM6. Indeed, when we followed the water-accessible space of the internal vestibule in all three closed-state cryo-EM structures, we found that the whole extracellular part of the TM6 above S341 is not exposed to the intracellular space. Therefore, contrary to the idea that a single amino acid, F337, may serve in the role of a gate ([@bib39]; [@bib227]), it is likely that when the "gate" opens, a short segment of TM6 (and perhaps other TMs too) will be reexposed to the aqueous pore. Consistent with this picture, T338C also reacts faster with externally applied Au\[CN\]~2~^−^ in the open state. Hence the same segment in the pore plays the critical roles of the selectivity filter and the gate.

Here we have used mostly our own data to pinpoint the location of the gate. But this picture of selectivity filter and gate colocalized at the more external end of TM6 and TM1 (and likely other TMs) contradicts some of the functional studies reported by Linsdell's laboratory. Although some studies including ours showed clear accessibility demarcations at S341 and T338 for internally and externally applied MTS reagents, respectively (Table S1), [@bib62] reported that F337C, T338C, and S341C can be modified by both internal and external MTS reagents. [@bib211] also reported that T1115C and S1118C in TM11 are modifiable by the bulky MTSES^−^ reagent from either side of the membrane. To explain this unusual reactivity pattern, they proposed a more cytoplasmic gate (internal to I344 in TM6) and a more externally located size filter at T338 in TM6 ([@bib64]). In their model, the external vestibule expanded in the closed state with F337, T338, S341, T1115, S1118, and I1132 becoming more accessible from the external side. However, the external part of the closed-state cryo-EM structure does not assume a typical vestibule, and F337, S341, T1115, S1118, and I1132 are not accessible from extracellular side (Table S1). Furthermore, their hypothesis that the gate is internal to I344 also suggests that Q98, S341, N1138, and M1140 should reside in a region that is external to the closed gate. In contrast, all four residues are exposed to the internal vestibule in the cryo-EM closed-state structures (Table S1). Moreover, in a recent cross-linking study of engineered cysteine pairs (L333C/G1127C and I106C/G1127C) located on the external edges of TM1, TM6, and TM12 ([@bib205]; [@bib149]), the authors proposed that the extracellular parts of these TMs are close together in the closed states as seen in the cryo-EM structures, but separate apart from each other in the open states. This latest picture seems more in line with the idea that the gate resides closer to the external end of TMDs discussed in the previous paragraph.

Unresolved functional data await more structures {#s13}
------------------------------------------------

Although most of the pore-lining residues identified from functional studies are consistent with those lining the internal vestibule of the pore in the cryo-EM structure of hCFTR, careful examination of the cryo-EM structure reveals two major categories of discrepancies between functional results and structural data (Table S1).

First, several residues reported as not lining the pore from the SCAM studies are widely exposed to the aqueous environment according to the solvent accessible surface view of the cryo-EM structure in the unphosphorylated apo form of hCFTR. These include the residues on the cytoplasmic parts of TM3 (S185, S182, V181, Q179, G178, and I177; [@bib66]), TM4 (A238, R242, and D249; [@bib66]), TM6 (G366, Y362, Q359, V358, F354, and V350; [@bib150]; [@bib66]), TM9 (D985; [@bib150]), and TM12 (S1159, R1158, S1155, and I1151; [@bib150]; Table S1). One possible explanation for these discrepancies is that in SCAM studies, modifications of cysteines introduced in these positions do not affect channel function. It is also possible that a large conformational change upon PKA-dependent phosphorylation and channel opening happens in the cytoplasmic portion of the pore. Comparing the accessibilities of the aforementioned residues between unphosphorylated and phosphorylated zCFTR, some of the aforementioned residues in TM3 (S185, S182, V181, Q179, G178, and I177), TM4 (R242 and D249), TM6 (G366, Q359, and V358), TM9 (D985), and TM12 (S1159, S1155, and I1151) are indeed less exposed to the aqueous environment in the phosphorylated zCFTR (Table S1). Thus, this apparent discrepancy actually supports the notion of a narrowing of the internal vestibule upon PKA phosphorylation and NBD dimerization ([@bib15]; [@bib226]), if we accept the idea that the internal vestibule structure of phosphorylated zCFTR with dimerized NBDs indeed resembles that of an open state.

The cryo-EM structures also offer an opportunity to examine some of the discrepancies in SCAM studies of TM1. For example, E92, K95, and Q98 in TM1 are largely exposed to the aqueous pore in all three structures. However, [@bib210] reported that Q98C cannot be modified by MTSES^−^ in the unphosphorylated state, a conformation likely to be similar to the reported cryo-EM structure ([@bib129]). In contrast, [@bib76] showed that after being fully phosphorylated, K95 and Q98 are only accessible in the open state and not accessible in the closed state. This state-dependence of accessibility is also inconsistent with the cryo-EM data summarized in Table S1 that the side chains of E92, K95, and Q98 are exposed to the aqueous environment in all three structures.

Second, a few residues reported in functional studies as pore-lining are not exposed to the aqueous environment in the cryo-EM structure (Table S1). These include L102 ([@bib210]; [@bib76]), I215, G213, and F191 ([@bib150]), I344 ([@bib6]; [@bib14]; [@bib62]; [@bib150]), F337 ([@bib68]; [@bib6]; [@bib62]; [@bib150]), T339 and I340 ([@bib6]; [@bib150]), V1010, A1009, V1008, G1003, I1000, L997, and P988 ([@bib150]), S1118, T1115, and I1112 ([@bib211]), S1150 ([@bib15]), V1147 ([@bib15]; [@bib160]; [@bib150]), and D1154 ([@bib150]). Although some of these discrepancies can be attributed to the limitation of SCAM,[^3^](#fn8){ref-type="fn"} especially when one relies solely on macroscopic mean current measurements, it is also possible that the residues identified in SCAM studies may line the pore only in the open state, but the cryo-EM structures so far solved are all closed states. Supporting this latter notion is the result with L102 in TM1. [@bib76] shows at a single-channel level that L102C can be modified by internal MTS reagents in a state-dependent manner, but in all three cryo-EM structures, this amino acid is buried in a region inaccessible from either side of the membrane. Hence, opening of a phosphorylated CFTR should be associated with a conformational change that renders this particular residue (and likely others) accessible from the cytoplasmic end of the pore.

CFTR's gating machinery NBDs and TMD--NBD interfaces {#s14}
====================================================

Numerous electrophysiological and biochemical studies in the past two decades have established a working mechanism by which the NBD engine uses the energy of ATP binding and hydrolysis to drive the conformational changes in TMDs that open and close CFTR's gate ([@bib185]). Although the atomic details of the TMDs in the cryo-EM structures offer exquisite molecular insights into CFTR's pore and gate, the resolution of NBDs, unfortunately, is not high enough to reveal molecular details ([@bib227]; [@bib129]; [@bib228]). However, previously solved crystal structures of the two isolated NBDs in hCFTR ([@bib111], [@bib112]; [@bib12]) can serve as a template for the construction of the structural model. In this section, we set our aims to (a) briefly review the roles of NBDs in controlling CFTR gating, (b) discuss possible functional roles of the interfaces between NBDs and TMDs, (c) debate an important controversy: whether a complete separation of the NBD dimer is required for gate closure, and (d) examine the functional significance of the newly solved zCFTR structure ([@bib228]). Understanding the coupling mechanism for CFTR gating is expected to bear far-reaching ramifications as all ABC transporters share the same engine.

Conserved structures of NBDs {#s15}
----------------------------

Although the structurally conserved NBDs are the universal components in all members of the ABC transporter superfamily, there exists a variation on the theme: not all ABC proteins possess two catalysis-competent ATP-binding sites ([@bib53]; [@bib7]; [@bib165]). Regardless of the capability of ATP hydrolysis, all NBDs in ABC proteins, including CFTR's two NBDs, shared canonical architectures ([Fig. 8](#fig8){ref-type="fig"}): an ATP-binding core subdomain and an α-helical (NBDα) subdomain ([@bib111], [@bib112]). The core subdomain, also known as the "head" subdomain, includes (a) an A loop, in which W401 (W402) in hNBD1 (zNBD1) and Y1219 (Y1220) in hNBD2 (zNBD2) form π-electron interactions with the adenine ring of ATP; (b) the Walker A motif (GXXGXGKS/T, with X being any residue); (c) the Walker B motif (ΦΦΦΦDE, Φ representing a hydrophobic residue); and (d) the switch regions (Q loop and H loop). The α-helical (or "tail") subdomain, named after the predominant α-helices in this part of NBD, contains the conserved signature sequence (LSGGQ in NBD1 but LSHGH in NBD2 of hCFTR) that defines this family of proteins.

![**Conserved sequences and motifs in CFTR's NBDs.** Left: a cartoon depicting the relative positions of the conserved motifs in NBD1 and NBD2 with the characteristic motifs highlighted in different colors. The color code is also used for the cartoon on the right showing the head and tail subdomains of NBDs with two ATP molecules sandwiched in the dimer interface.](JGP_201711946_Fig8){#fig8}

Crystallographic studies on swaths of ABC proteins ([@bib89]; [@bib87]; [@bib103]; [@bib223]; [@bib181]; [@bib37]) have led to a proposition that ATP serves as a molecular glue that affixes two NBDs into a head-to-tail configuration ([Fig. 8](#fig8){ref-type="fig"}). Two ATP molecules are hence sandwiched at the NBD dimer interface. In addition to the base-stacking interaction between the A loop and the adenine ring of ATP, the Walker A lysine stabilizes the β and γ phosphates of ATP and the Walker B aspartate coordinates Mg^2+^, a cofactor for ATP hydrolysis, in the head subdomain of one NBD. On the side of the tail subdomain in the partner NBD, the signature sequence LSGGQ motif provides hydrogen bond donors to further stabilize ATP binding. This canonical structure feature of NBD dimer, demonstrated functionally for CFTR ([@bib105]; [@bib203]; [@bib139]), was verified in the new cryo-EM structure of zCFTR in [@bib228]. However, the two ATP-binding sites in CFTR are inherently asymmetric ([Figs. 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}). Only site 2 hydrolyzes ATP; site 1 is catalysis incompetent partly because of a lack of the catalytic glutamate, and the canonical H-loop histidine. Perhaps because of this deficit in ATP hydrolysis, ATP can remain bound for minutes in site 1 as demonstrated biochemically ([@bib5]; [@bib20]). In the apo forms of CFTR ([@bib227]; [@bib129]), the two sites are separated to a different degree ([Fig. 9 A](#fig9){ref-type="fig"}; see Fig. 2 in [@bib129]). Interestingly, even in the newly solved zCFTR structure with dimeric NBDs ([@bib228]), site 1 and site 2 exhibit different degrees of "tightness" ([Fig. 9 B](#fig9){ref-type="fig"}): whereas the γ phosphate of ATP in site 2 interacts intimately with both the head and the tail subdomains, much weaker interactions were seen for the site 1 ATP (see Fig. 4 in [@bib228]). This structural asymmetry may also explain different degrees of exposure of the residues in these two sites to the aqueous environment ([Fig. 9 B](#fig9){ref-type="fig"} and [Fig. 11](#fig11){ref-type="fig"}). For example, the side-chain hydroxyl group of the conserved serine in the signature sequence of site 2 (S548 in zCFTR, or S549 in hCFTR) forms hydrogen bonds with both β and γ phosphate groups of ATP. In contrast, this hydrogen bond network is missing in site 1 (S1348 in zCFTR, or S1347 in hCFTR). Of note, biochemical studies on P-glycoprotein indeed suggest the existence of two different NBD dimeric conformations: one with two ATP molecules bound and the other with only one ATP occluded ([@bib172]).

![**Conformational changes of NBDs in CFTR. (A)** Widely separated NBDs in unphosphorylated CFTR. Top left: Superimposed cryo-EM structures for hCFTR (blue; Protein Data Bank \[PDB\] accession no. [5UAK](5UAK)) and zCFTR (yellow; PDB accession no. [5UAR](5UAR)). Bottom: Top view of NBDs. All conserved motifs are labeled as ABC, ABC signature sequence; Q, Q loop; H, H loop; A, Walker A; B, Walker B; and D, D loop. Right: magnified views of those labeled i--vi in the top view. **(B)** Phosphorylated E1372Q-zCFTR (PDB accession no. [5W81](5W81)). The catalytic glutamate E1372 (E1371 in hCFTR) was mutated to glutamine to abolish ATP hydrolysis in site 2. Top left: cryo-EM structure of zCFTR (PDB accession no. [5W81](5W81); TMD1 in blue; TMD2 in cyan; NBD1 in gray; NBD2 in green). Bottom: Top view of NBD. Right: i and ii are magnified images showing the interactions between conserved motifs and ATP in dimeric NBDs.](JGP_201711946_Fig9){#fig9}

Roles of NBDs in CFTR gating {#s16}
----------------------------

Once the R domain is phosphorylated by PKA, robust activity of CFTR requires a continuous presence of MgATP ([@bib10]; [@bib146]). Several review articles have thoroughly discussed the gating mechanism of CFTR ([@bib73]; [@bib92]; [@bib96]; [@bib90]; [@bib185]); our readers are encouraged to get a more comprehensive view in those reviews. To avoid too much repetition, here we just briefly summarize some generally accepted theories and focus our discussion on two contested issues: (1) whether the gating cycle and the ATP hydrolysis cycle are tightly coupled, resulting in a one-to-one stoichiometry and (2) whether gate closure requires a complete separation of the NBD dimer.

As a member of the ABC transporter superfamily, CFTR may share with its cousins not only common structural characteristics but also the mode of action. For technical reasons, structural studies of ABC transporter proteins are way ahead of that of CFTR. By comparing ATP-bound and ATP-free forms of ABC proteins, it is proposed that two NBD--TMD complexes undergo a flip-flop motion fueled by ATP binding-induced NBD dimerization and ATP hydrolysis-driven separation of NBDs ([@bib37]; [@bib85]). This flip-flop motion causes the TMDs to switch back and forth between an inward-facing and an outward-facing conformation to expose the substrate binding site alternately to the intracellular and extracellular milieus, necessary steps for a complete transport cycle. Such a highly coordinated movement, when applied to the gating motion of CFTR, projects a strict coupling between the gating cycle and ATP hydrolysis cycle in CFTR. Indeed, elegant single-channel kinetic analysis of the open time distribution provides evidence for such a coupling mechanism ([@bib46]) that echoes an earlier idea championed by [@bib80]. In this latter study, it was shown that WT CFTR exhibits two distinct open states that differ in single-channel amplitudes (smaller O~1~ and larger O~2~). Analysis of gating patterns reveals a predominant C→O~1~→O~2~→C (relative to C→O~2~→O~1~→C), a phenomenon violating microscopic reversibility and hence demanding an input of free energy. Because eliminating ATP hydrolysis abolishes the O~1~→O~2~ transition, [@bib80] proposed that this transition is associated with ATP hydrolysis. It follows that each opening/closing cycle is coupled to the hydrolysis of one ATP ([Fig. 10 A](#fig10){ref-type="fig"}).

![**Two gating models for CFTR. (A)** Strict coupling scheme: The strict coupling model adopted from [@bib129] dictates that the gating cycle is strictly coupled to the ATP hydrolysis cycle. The opening of the channel is initiated by the formation of NBD dimer, and terminated by dimer disruption triggered by ATP hydrolysis. Of note, although in this model the NBDs are completely separated in the closed channel conformation (state C), a different thesis was proposed in [@bib46] where the NBD dimer is not completely separated in the closed state. **(B)** Energetic coupling mechanism proposed in several previous studies ([@bib96]; [@bib116], [@bib117]). This model follows the classical allosteric modulation principle that the conformational change in one domain facilitates the conformational change in the other domain. Note subtle shape change in TMDs between O~1~ and O~2~ (see text). Pi, inorganic phosphate.](JGP_201711946_Fig10){#fig10}

But a different theory of the coupling mechanism for CFTR gating was proposed by [@bib99]. By using nonhydrolyzable nucleotide analogues as "baits" to capture a short-lived posthydrolytic state, they provided experimental evidence for the existence of a posthydrolytic open state with site 2 already vacated. Subsequently, they found a CFTR mutant, R352Q, that exhibits similar ATP hydrolysis-dependent transitions between two open states O~1~ and O~2~ ([@bib99]). Consistent with the observations in [@bib80], most of the opening bursts in R352Q show a preferred transition C→O~1~→O~2~→C, but repeated cycles ("reentry" events) of the O~1~→O~2~ transition before gate closure were observed. These data lead to a model that depicts nonstrict coupling between ATP hydrolysis and gating with a probabilistic relationship between NBD dimerization and gate opening ([Fig. 10 B](#fig10){ref-type="fig"}).

Interestingly, discernable O~1~ and O~2~ states can be seen in a variety of mutations around a local charged network involving R303, R352, and D993 in the internal vestibule ([@bib226]). This latest study, together with the cryo-EM structures pinpointing the location of these residues, suggests that altering local potential in the internal vestibule confers this O~1~O~2~ phenotype. However, exactly how perturbations of this local charge network result in a hydrolysis-dependent change in chloride permeation awaits further studies. Nonetheless, these data do suggest that some conformational changes occur in TMDs after ATP hydrolysis but before gate closure. If we assume that the O~1~ state represents an open-channel configuration in the TMDs with dimerized NBDs, the O~2~ state should represent a different open-channel configuration in the TMDs that is associated with posthydrolytic NBDs. Taking one step further, supposing ATP hydrolysis is indeed the driving force that separates two tightly associated NBDs as proposed in ABC proteins ([@bib181]; [@bib203]; [@bib213]; [@bib155]; [@bib92]; [@bib165]), it seems reasonable to deduce that the posthydrolytic O~2~ state possesses at least transiently separated NBDs at site 2 (the O~2~ state in [Fig. 10 B](#fig10){ref-type="fig"}). This then raises the question of whether the lateral entrance between TM10 and TM12 described in the pore section may be conductive to chloride in the posthydrolytic open state, as the separation of NBDs at site 2 likely will exert some structural perturbation at this very location. The cryo-EM structures solved so far, although this question cannot be answered directly, could serve as a guide for further exploration into the physiological role of this presumed nonfunctional lateral entrance.

Although these studies may suggest an open state with (partially) separated NBDs, a recent study on R117H ([@bib222]), a pathogenic mutation that is associated with the mild form of CF ([@bib180]; [@bib81]), provides solid evidence for the existence of a closed state with dimerized NBDs. Gating of R117H is ATP dependent, but in contrast to WT CFTR with a long opening burst that is interrupted occasionally by very brief closures ([Fig. 2 B](#fig2){ref-type="fig"}), R117H shows opening bursts within which fairly long closed events are seen. This gating anomaly together with a much prolonged interburst results in a reduced *P~o~* ([@bib222]). The most intriguing observation is that abolition of ATP hydrolysis by the E1371Q mutation, like that in the WT background, drastically prolongs the opening burst duration, but contrary to a *P~o~* of ∼0.9 under the WT background, the *P~o~* of R117H/E1371Q double mutant is ∼0.1, a result of abundant closures in a "lock-open" event. If we accept the generally held idea that the lock-open state represents a CFTR structure with a stable NBD dimer, this observation in R117H suggests the existence of both open and closed conformations in TMDs, whereas the two NBDs stay bound (O~1~ and C~2~AD states, respectively, in [Fig. 10 B](#fig10){ref-type="fig"}), which means the gate can close when NBDs are in a dimeric form. To our knowledge, this closed state with an NBD dimer has not been formally incorporated into the strict coupling model (compare [@bib228]; also see below). In contrast, in the recent study by [@bib187], the R117H mutation only shortens the open burst duration with little effect on the interburst closed time, leading to a different conclusion that the sole effect of this mutation is to destabilize the open state. The reason for this discrepancy is unknown and should be addressed in the future, but one possible reason is that the experiments in [@bib187] were performed in a hydrolysis-deficient background (D1370N) with the R domain removed.

The two models mentioned above connote different interpretations on the structure of phosphorylated, ATP-bound zCFTR ([Fig. 9 B](#fig9){ref-type="fig"}) reported lately by [@bib228]. Based on the strict coupling model, [@bib228] proposed that this state represents a "post-open" closed state, i.e., the normally short-lived flicker closed state buried in an opening burst. It was also speculated that the single-channel amplitude of hCFTR is underestimated because of incessant visits to this state once the channel opens and the limited bandwidth of the recording system. In contrast, this closed state with dimerized NBDs is inherent in the energetic coupling model as a "pre-open" closed state (C~2~AD in [Fig. 10 B](#fig10){ref-type="fig"}). Of note, in the absence of electrophysiological data on zCFTR, here we liberally interexchange structure/function data and interpretations between hCFTR and zCFTR. This practice could be problematic because it is known that different CFTR orthologues, even with highly conserved amino acid sequences, exhibit very functional properties, such as an altered anion selectivity sequence in *Xenopus laevis* CFTR ([@bib159]), a different pattern of channel gating in mouse CFTR ([@bib175]), and a different ATP-dependent effect in sheep CFTR ([@bib32]). Although much-needed functional studies of zCFTR will definitely shed more light on this important and yet unresolved issue on CFTR gating, the sheer existence of a closed state with a canonical NBD dimer raises an intriguing question one needs to entertain: Can this very state hydrolyze ATP? The molecular details revealed in the cryo-EM structure suggest an affirmative answer, but it has been assumed for years, regardless of the specific gating model, that ATP hydrolysis only occurs in the open state.

Does gate closure require a complete separation of NBDs? {#s17}
--------------------------------------------------------

In the cryo-EM structure of unphosphorylated human and zCFTR ([@bib227]; [@bib129]), the two NBDs are widely separated ([Fig. 9 A](#fig9){ref-type="fig"}), and the TMDs are in a closed conformation. The study by [@bib129] also presented functional evidence for a multistep activation process during phosphorylation-dependent activation of CFTR: spontaneous slow dislodging of the R domain followed by PKA-dependent phosphorylation and subsequent ATP-dependent opening of the channel through NBD dimerization. The issue apropos phosphorylation-dependent activation has been well covered in the R domain section; here we will focus on the question of whether a complete separation of CFTR's two NBDs is required for gate closure.

Several electrophysiological studies have suggested that NBDs do not dissociate completely upon gate closing ([@bib196], [@bib197]; [@bib191]). Instead, it is the separation of NBDs at site 2 that is coupled to gate closure, whereas site 1 remains connected. In contrast, the necessity of a complete separation of NBDs for channel closure is proposed by [@bib35]. By showing that cysteine placed at the signature sequence of site 1 (S1347 in hCFTR or S1348 in zCFTR) or site 2 (S549 in hCFTR or S548 in zCFTR) can be modified by bulky MTS reagents after gate closure, [@bib35] proposed that the separation between NBDs must exceed 8 Å, indicating a complete separation of NBDs. The idea that NBD dimerization can protect these cysteines from modification was based on a structural model of ABC transporters in an outward-facing conformation ([Fig. 11 A](#fig11){ref-type="fig"}), which inevitably shows obliteration of the pore by the coalesced transmembrane helices at the junction between NBDs and TMDs. The structure of zCFTR with dimerized NBDs ([@bib228]) offers an ideal opportunity to examine this issue more closely. [Fig. 11](#fig11){ref-type="fig"} shows that although S548 (S549 in hCFTR) in site 2 is well protected by the NBD dimer, S1348 (S1347 in hCFTR) is at least partially exposed to the aqueous environment instead of burying within the NBD dimer interface ([Fig. 11 B](#fig11){ref-type="fig"}). If we assume that this zCFTR structure with dimerized NBD is any close to the conformation of the open state, it is then not surprising that a cysteine engineered at the dimer interface in site 1 could be accessible to modification even in the open state. Indeed, [@bib40] showed that modification of the cysteine placed at the signature sequences by *N*-ethylmaleimide does not seem to be state dependent. Some more rigorous tests are needed to resolve this issue.

![**Accessibility of the NBD dimer interface. (A)** Structural comparison between Sav1866 (left) and CFTR (right). The structures are presented in space-filling model. As a prototypical ABC exporter in an outward-facing conformation, Sav1866 (Protein Data Bank \[PDB\] accession no. [2ONJ](2ONJ)) shows a complete coalesce of the transmembrane helices at the junction between its TMDs (green and blue) and NBDs (lime and cyan). In contrast, a clear gap representing the lateral entrance to the pore is seen in the structure of zCFTR with dimerized NBDs (PDB accession no. [5W81](5W81)). Yellow marks the bound ATP, and target residues S1348 (equivalent to S1347 in hCFTR) and S548 (S549 in hCFTR) as space-filling spheres in purple. The equivalent residues in Sav1866 are completely buried in the NBD dimer. In contrast, although S548 in site 2 is buried in zCFTR, S1348 is exposed. This analysis suggests that MTSET (labeled as space-filling sphere), even much larger reagents such as MTS-rhodamine, may be able to access the S1348C through the lateral entrance, which is unique to CFTR, an ion channel, not a transporter. **(B)** Solvent-accessible surface in the cryo-EM structure of zCFTR (PDB accession no. [5W81](5W81)). The solvent-accessible regions were assessed by molecular visualization software PyMOL. The residues were labeled with numbers that indicate relative accessibilities. (The range of 0--1 is used to rank the accessibility: 0, hardly accessible; 1, highly accessible.)](JGP_201711946_Fig11){#fig11}

But what about the closed-state structures of unphosphorylated zCFTR and hCFTR showing two widely separated NBDs ([@bib227]; [@bib129])? Doesn't this structure support the notion that closure of the channel is associated with a complete separation of CFTR's two NBDs? It should be noted that the two solved CFTR structures are closed states with an unphosphorylated R domain sitting between two NBDs and TMDs. Once the phosphorylated R domain is out of the way so that conformational changes in TMDs and NBDs can occur to open the gate, the closing from this yet-to-be-solved phosphorylated open state is unlikely to sojourn directly to an unphosphorylated closed state. Thus, solving the cryo-EM structures has not helped resolve this controversial issue regarding the fundamental mechanism of CFTR gating. It can be further argued that if the gate can close even when NBDs remain dimerized as in the phosphorylated ATP-bound zCFTR structure ([@bib228]), a conformational change involving a drastic movement of the two TMD--NBD complexes as depicted in [Fig. 10 A](#fig10){ref-type="fig"} may not be necessary for gate closure.

NBD--TMD interfaces {#s18}
-------------------

As the gate of CFTR's pore is located closer to the external end of the TMDs, the signal of molecular motions in NBDs after ATP binding must be transmitted through a long distance along the vertical axis of the channel. The simplest scenario borrowed directly from the ABC transporters is to treat each TMD--NBD complex as a rigid body. Before ATP binds, two TMD--NBD complexes are separated at the cytoplasmic end as in the apo form of CFTR ([Fig. 9 A](#fig9){ref-type="fig"}). ATP binding to two NBDs triggers lateral motion of the two TMD--NBD complexes converting an inward-facing to an outward-facing conformation that is similar to the one shown in [Fig. 9 B](#fig9){ref-type="fig"}. For this scenario to be valid, each TMD and its corresponding NBD have to be connected tightly so they move synchronously. The physiological importance of the junctions between TMDs and NBDs (i.e., ICL1--4 in [Fig. 12 A](#fig12){ref-type="fig"}) is testified to by the fact that many CF-causing mutations were found there.

![**Molecular interactions at TMD--NBD interfaces. (A)** CFTR topology showing its 12 TMs (1--12), two NBDs (gray, NBD1; green, NBD2), the R domain, and interfaces between ICL1 and ICL4). Note the two ball-and-socket joints are between ICL2--NBD2 and ICL4--NBD1. Labeled residues next to each ICL are mutations that cause a severe form of CF. **(B)** (i) Locations of the four ICLs in the cryo-EM structures of CFTR (Protein Data Bank \[PDB\] accession nos. [5UAR](5UAR) and [5W81](5W81)). Left: unphosphorylated zCFTR (PDB accession no. [5UAR](5UAR)). Right: phosphorylated ATP-bound zCFTR (PDB accession no. [5W81](5W81)). The color codes of ICLs are the same as those in A (blue, ICL1; cyan, ICL2; red, ICL3; and orange, ICL4). (ii) Close-up front view of the ICL--NBD interfaces. The surface views of NBD are shown. (iii) Cartoon depicting the dynamic change of hydrogen bond network upon dimerization. The relative position of each segment is based on the structures of interfaces shown in ii; only TM4, 6, 10, and 12 are shown. Dashed lines mark the regions connecting TMs and their corresponding ICLs. The relatively constant number (shown in the yellow symbols at each interface) of hydrogen bonds before and after NBD dimerization suggests that the ball-in-the-socket interfaces (ICL2--NBD2 and ICL4--NBD1) move in sync with NBD. In contrast, the loose interfaces (ICL1--NBD1 and ICL3--NBD2) lag behind because of many weakened interactions (see text). **(C)** Close-up view of the interfaces between ICL1, ICL4, and NBD1. Left: Unphosphorylated zCFTR (PDB accession no. [5UAR](5UAR)). Right: Phosphorylated ATP-bound zCFTR (PDB accession no. [5W81](5W81)). **(D)** Similar presentation as C except ICL2, ICL4, and NBD2 interfaces are shown.](JGP_201711946_Fig12){#fig12}

However, the molecular motion during CFTR gating must be somewhat different from that of ABC transporters because the transmembrane helix bundle at the cytoplasmic end of the pore cannot be completely sealed off upon NBD dimerization ([Fig. 9, A and B](#fig9){ref-type="fig"}). Specifically, upon NBD dimerization in CFTR, the lateral opening between TM4 and TM6 remains relatively wide ([Fig. 9 B](#fig9){ref-type="fig"}). We attempt to see whether examining the TMD--NBD interfaces in CFTR and P-glycoprotein may provide some clues to address the differences in molecular motions between CFTR and ABC transporters.

Similar to those found in ABC transporters, a short helix (so-called coupling helix) in ICL2 (between TM4 and TM5 of TMD1) and one in ICL4 (between TM10 and TM11 in TMD2) are buried in a socket in NBD2 and NBD1, respectively ([Fig. 12 B](#fig12){ref-type="fig"}). These conserved ball-in-a-socket assemblies ([@bib155]), seen in both P-glycoprotein and CFTR, suggest a relatively tight partnership so that as one moves, the other may move synchronously. Some functional data indeed support the notion that the interfaces between both ICL4--NBD1 and ICL2--NBD2 remain relatively tight during the gating cycle ([@bib83]). Thus, here P-glycoprotein and CFTR may undergo similar conformational transition, in which the coupling helix moves like a ball inside the cleft of the NBD (the socket) to affect the pivot point in the TMD-conformational change ([@bib104]; [@bib101]). However, it is interesting to note that cross-linking cysteines engineered in ICL2 and NBD2 (e.g., C276C and Y1307C or N268C and F1294C) decreases the *P~o~* dramatically ([@bib83]; [@bib186]), suggesting some flexibility at this interface is required for normal gating.

Contrary to ICL2--NBD2 and ICL4--NBD1 interfaces, the coupling helices in ICL1 and ICL3 have less contact with NBDs in all three structures of CFTR ([Fig. 12, B--D](#fig12){ref-type="fig"}, for zCFTR; see Fig. 2 in [@bib129] for hCFTR). In fact, these two ICLs do not form ball-in-a-socket assemblies with their corresponding NBDs, but these two loops still interact with ATP-binding sites 1 and 2, respectively ([@bib143]). A relatively long distance between these ICLs and their partner NBDs casts doubt on the existence of a tight connection at these ICL--NBD interfaces. (This potential disconnect is even more obvious for the ICL1--NBD1 interface; [Fig. 12, B--D](#fig12){ref-type="fig"}). Indeed, the contact surfaces of ICL1--NBD1 and ICL3--NBD2 interfaces, calculated with the PDBePISA (Proteins, Interfaces, Structures and Assemblies) service at the European Bioinformatics Institute, are much smaller than those of ICL2--NBD2 and ICL4--NBD1 interfaces. More interestingly, although the total contact areas for ICL2--NBD2 and ICL4--NBD1 interfaces remain relatively unchanged between apo- and ATP-bound zCFTR structures, the contact areas for ICL1--NBD1 and ICL3--NBD2 interfaces decrease in the zCFTR structure with dimerized NBDs. These surface area changes are accompanied by changes in the hydrogen bond network between ICLs and NBDs. For example, the only hydrogen bond between S170 and E473 in ICL1--NBD1 found in apo zCFTR is lost in the ATP-bound structure. It seems difficult to explain these structural changes if TMDs and NBDs are moving as a rigid body. One possibility we envision is that when two ATP-bound NBDs move medially to form a dimer, ICL4--NBD1 and ICL2--NBD2 move more synchronously because of tighter interactions in these two interfaces. But as a result of a weaker interaction in ICL1--NBD1 and ICL3--NBD2 interfaces, ICL1 and ICL3 may not follow NBD motion strictly and thus lag behind when NBDs undergo dimerization ([Fig. 12](#fig12){ref-type="fig"}). As ICL1 and ICL3 are intimately associated with TM6 and TM12, respectively, this slippage in NBD motion may constitute the structural basis for the existence of the clefts between TM4--TM6 and TM10--TM12 (cartoon in [Fig. 12 B](#fig12){ref-type="fig"})---the molecular mechanism underpinning the "degraded gate" hypothesis. The structural asymmetry between ICL1--NBD1 and ICL3--NBD2 may also account for the differences in the size of resulting lateral entrances for chloride permeation described in the pore and gate section.

Molecular understanding for disease-associated mutations {#s19}
========================================================

Although six different classes of pathogenic mutations have been described based on their molecular mechanisms ([@bib212]), this section will focus on type III (gating defect) and type IV (conductance defect) as the cryo-EM may shed light on the structural mechanisms explaining these defective functions. In the sections described above, four critical steps are involved in CFTR gating: (1) ATP binding, (2) NBD dimerization, (3) signal transmission from NBDs to TMDs, and (4) movement of TMDs to open the gate. Once the gate opens, chloride ions traverse through CFTR's pore at a rate of \>1 million per second. In theory, mutations disrupting any of these events could compromise the channel's ability to function normally and hence cause CF. In this section, we review some of the functional data for 13 representative disease-causing mutations, most of which have been extensively investigated, in important regions of the CFTR molecule.

Mutations in the NBD active sites {#s20}
---------------------------------

Opening of CFTR's gate in TMDs is coupled to ATP binding-induced dimerization of NBDs in a head-to-tail configuration ([@bib203]). Therefore, it is not surprising that mutations affecting ATP binding or NBD dimerization could impair CFTR gating. Indeed, several pathogenic mutations have been identified in or close to the ATP-binding sites. For example, S1255P, G1244E, S1251N, G551D, and G1349D are all located at the interface between two NBDs ([Fig. 13](#fig13){ref-type="fig"}). Specifically, S1251 is a conserved residue in the Walker A motif that directly participates in ATP binding, whereas G1244 and S1255 are just several amino acids apart from this critical motif. Although not all of these mutations have been studied extensively to reveal the detailed mechanism of gating abnormalities, [@bib221] showed that these mutants respond to VX-770, and [@bib9] reported a lower apparent affinity of ATP for the S1255P mutant. Otherwise, how exactly G1244E and S1255P mutations cause gating defects awaits further investigation.

![**Locations of pathogenic mutations covered in the current article.** A lateral view of hCFTR structure showing the positions of all disease-associated mutations discussed. Pink, residues in NBDs; blue, residues at NBD--TMD interfaces; red, residues that line the pore; and black, non--pore-lining positions.](JGP_201711946_Fig13){#fig13}

Perhaps the most thoroughly studied class III mutation is G551D, located in the signature sequence (or the tail subdomain) of NBD1 and G1349D in the equivalent position of NBD2 ([Fig. 8](#fig8){ref-type="fig"}). [@bib30] showed that both mutants exhibit lower *P~o~*, corroborating the functional importance of the signature sequences in mediating NBD dimerization. Also consistent with the idea that site 2 plays a more significant role than site 1 in controlling CFTR gating, the gating defect associated with G551D located in site 2 is ∼10-fold more severe than G1349D, a corresponding mutation in site 1 ([@bib24]). More interestingly, sudden removal of ATP after G551D-CFTR channels are activated results in a biphasic response (a fast current rise followed by a slow current decay). Furthermore, a decrease of \[ATP\] from millimolar to micromolar concentrations causes a paradoxical increase of G551D-CFTR currents. These unique behaviors and other experimental evidence led [@bib116] to conclude that the mutation converts site 2 to an inhibitory site. As the same phenomenon was seen with G551E, but not in G551S or G551K, it was further proposed that the negative charge of D551 repels electrostatically the negatively charged ATP so that NBD dimerization is prohibited. However, removal of ATP (or lowering the ATP concentration) by eliminating this inhibitory effect allows the two NBDs to undergo spontaneous, albeit slow, dimerization reactions ([@bib116]). The newly resolved structure of phosphorylated zCFTR in the ATP-bound conformation corroborates this proposition, as the residue G551 is physically close to the γ phosphate of bound ATP with its backbone intimately involved in the interactions with the phosphate group ([@bib228]).

Mutations in the NBDs affecting the NBD--TMD interfaces {#s21}
-------------------------------------------------------

For the molecular events happening in the cytosolic NBDs to control gating motion in CFTR's TMDs, the signal of ATP binding-induced dimerization of the NBDs needs to be transmitted to the TMDs via NBD--TMD interfaces. Indeed, using rate-equilibrium free-energy relationship analysis, Sorum and colleagues provided evidence for a signal transmission from NBDs through the NBD--TMD interfaces to the pore ([@bib186], [@bib187]). This functional importance of NBD--TMD interfaces is testified to by the fact that many disease-associated mutations were found at these interfaces ([Fig. 12 A](#fig12){ref-type="fig"}). Among them, ΔF508 and N1303K, two common mutations that also cause trafficking defects, are well studied. The gating defects caused by the ΔF508 mutation include a *P~o~* of ∼15 times less than WT mostly because of a prolonged closed time ([@bib140]), consistent with the idea that the ΔF508 mutation ([Fig. 13](#fig13){ref-type="fig"}) disrupts the interface between NBD1 and TMD2 ([@bib83]; [@bib143]; [@bib178]). In addition, the ΔF508 mutation also shortens the locked-open time and has a faster ligand-exchange time at site 1 ([@bib98]; [@bib108]), suggesting a destabilization of the NBD dimer by the mutation. Interestingly, the gating defect of ΔF508-CFTR can be completely rectified by high-affinity ATP analogues ([@bib140]) or VX-770 ([@bib199]; [@bib108]). In contrast, N1303K, a mutation at the equivalent position of F508 in NBD2, is located at the interface between NBD2 and TMD1 ([Fig. 13](#fig13){ref-type="fig"}). In a canonical NBD, this asparagine residue is directly involved in forming a hydrogen bond network with the conserved interfacial Q loop that interacts with bound ATP ([@bib67]). Residues in the Q loop form part of the NBD--TMD interface ([@bib83]). Functional studies indeed demonstrated gating abnormalities including increased burst duration and decreased opening rate for N1303K ([@bib22]; [@bib163], [@bib164]). However, these studies, all performed before the discovery of effective CFTR potentiators, may have underestimated the severity of the gating abnormalities associated with N1303K. More thorough investigations are needed to extract mechanistic insights out of this mutation that resides at a critical position in the NBD--TMD interface.

Mutations in the TMDs {#s22}
---------------------

The fundamental role of CFTR's TMDs is to craft a gated pore. Therefore, mutations found in TMDs could affect chloride conductance and/or channel gating. Using cryo-EM structures and functional data as our guide, we categorize disease-associated mutations into pore-lining and non--pore-lining positions.

The first category is the pore-lining mutations such as R334W, T338I, and R352Q. TM6 in the TMDs has been under investigation most comprehensively. The structure/function roles of TM6 have been discussed in the pore section. Not only is TM6 a major component for pore construction, part of TM6 likely also plays a role in gating conformational changes ([@bib14]). For the disease-associated mutations located in TM6, SCAM studies clearly demonstrate that R334, T338, and R352 line the pore. Thus, it is not surprising that R334W and T338I mutations exhibit severe conductance defects so that their single-channel currents are too small to be measured accurately ([@bib180]; [@bib126]). The tiny single-channel amplitude of these two mutants also precludes assessments of any gating abnormalities. However, considering T338 may be part of the gate in TMDs ([@bib74]), we speculate that the T338I mutation also causes gating defects. In contrast, the R352Q mutation causes a mild conductance defect. Single-channel conductance was reduced from 6.2 pS for WT CFTR to 4.2 pS for R352Q-CFTR ([@bib79]). Thus, this moderate reduction of single-channel conductance is by itself insufficient to cause CF; gating defects were reported for this mutation ([@bib47]). In addition, transepithelial chloride transport through R352Q-CFTR is increased dramatically by the CFTR potentiator VX-770 ([@bib201]), indicative of a gating defect caused by the mutation.

The second category is the non--pore-lining mutations like R117H and R347P/H. The R117H mutation is usually associated with mild-form CF ([@bib180]). The single-channel conductance of R117H-CFTR is ∼25% less than WT CFTR ([@bib180]; [@bib222]). Because R117 is located in the first extracellular loop (ECL1) between TM1 and TM2, it was proposed that one reason R117H has diminished conductance may be that the positively charged arginine serves in the role of attracting anions to the entryway of the external vestibule ([@bib230]; [@bib49]). Regardless of how the R117H mutation causes conductance defects, a 25% reduction of the conductance cannot explain its pathogenesis. Indeed, in excised membrane patches, the *P~o~* for R117H is ∼10-fold lower than WT ([@bib222]). Interestingly, however, no gating defect was found for R117H in reconstituted lipid bilayers ([@bib81]). This discrepancy could be reconciled if R117 actually interacts with the head group of membrane phospholipids. The position as well as the side-chain protrusion of R117 does support this conjecture.

R347 was proposed to be an anion binding site in CFTR's pore ([@bib192]), but SCAM studies fail to verify a pore-lining role for this amino acid ([@bib6]; [@bib14]; [@bib66]). The cryo-EM structures show that R347 (or R348 in zCFTR) is not exposed to the internal vestibule; instead, it is buried in the protein core interacting with D924 (or E932 in zCFTR) in TM8. This salt bridge, first suggested by [@bib41], may play a role in stabilizing the pore architecture. Thus, the R347H and R347P mutations affect single-channel conductance by disrupting the pore. Because the single-channel conductance of R347P-CFTR was reported to be 30% of WT ([@bib180]), this mutant likely exhibits multiple dysfunction including mild trafficking defects ([@bib201]).

Although the resolved cryo-EM structures represent a static snapshot of the channel in the closed state, they allow us to conceptualize how structural deviations introduced by disease-causing mutations in functionally important regions of CFTR might lead to dysfunction in gating or permeation. Integration of more functional data with new insight from the emerging CFTR structures should grant us an in-depth understanding of the molecular pathophysiology of CF and may provide the means for structure-based drug design.

Structural mechanisms of CFTR pharmacology {#s23}
==========================================

Cloning of the CFTR gene ([@bib167]) has made it possible to develop expression systems for studying the function of CFTR at a molecular level, unveiling the fundamental defects associated with pathogenic mutations, and using high-throughput drug screening techniques to discover small molecules that can modulate CFTR function. The last endeavor is especially important because although loss-of-function mutations cause CF, secretory diarrhea resulting from hyperactivity of CFTR as a result of bacterial toxins inflicts more mortality and mobility in the developing world ([@bib23]; [@bib19]; [@bib3]). Great strides have been made in the past decades in developing CFTR modulators ([@bib8]; [@bib31]; [@bib82]; [@bib169]). Some of the CFTR modulators have been successfully implemented in clinics (e.g., ivacaftor and lumacaftor), but the availability of high-resolution structures of CFTR now ushers in a new era for structure-based drug design. In this section, we will elaborate on the actions of different CFTR modulators ([Fig. 14](#fig14){ref-type="fig"}), including correctors that improve CFTR trafficking, potentiators that increase the *P~o~* of CFTR, and pore blockers and inhibitors that may affect gating or permeation.

![**Chemical structures of representative CFTR modulators. (A)** CFTR corrector. **(B and C)** Pore blocker. **(D and E)** Gating inhibitor. **(F--I)** CFTR potentiators.](JGP_201711946_Fig14){#fig14}

CFTR correctors {#s24}
---------------

Many disease-associated mutations of CFTR, including the most prevalent ΔF508 mutation, cause folding defects that lead to a reduction of functional CFTR proteins expressed on the cell surface ([@bib56]; [@bib135]; [@bib59]; [@bib195]). Compounds that increase the delivery of mature CFTR to the cell membrane are known as CFTR correctors. The readers are referred to recent reviews for detailed discussions ([@bib8]; [@bib134]; [@bib169]). VX-809 (lumacaftor; [Fig. 14 A](#fig14){ref-type="fig"}), one of the ingredients in Orkambi that was approved by the U.S. Food and Drug Administration for the treatment of CF patients carrying the ΔF508 mutation, has been extensively studied ([@bib200]; [@bib84]; [@bib133]; [@bib166]), but exactly where it binds remains unclear. According to docking simulations performed with a homology model of ΔF508-CFTR ([@bib84]), a hydrophobic pocket formed in the NBD1--ICL4 interface because of the deletion of residue F508 was identified as a potential binding site for VX-809. However, it seems difficult to use this idea to explain why VX-809 also increases the surface expression of WT CFTR or mutants other than ΔF508 ([@bib200]). Furthermore, evidence also showed that TMD1 is the shortest-length fragment of CFTR required for the action of VX-809 ([@bib166]), arguing against a role of NBD1--ICL4 interface in forming the binding site for VX-809. A different binding site for VX-809 was lately proposed ([@bib171]). Using molecular dynamic simulation and surface Plasmon resonance, they showed that three residues in the NBD1, Y577, V580, and E655, anchored VX-809 through hydrogen bonds. Future functional studies may be required to validate these binding modes predicted by computer simulation.

In addition to VX-809, many experimental CFTR correctors have been developed and it has been shown that combinations of different correctors could have additive or synergistic effects ([@bib27]; [@bib115]). This is perhaps not surprising as the ΔF508 mutation causes multiple biochemical defects, including not only misfolding of NBD1, where the F508 is located, but also the disruption of the interaction between NBD1 and ICL4, which subsequently impairs domain assembly of CFTR ([@bib59]; [@bib194]; [@bib50]; [@bib168]; [@bib58]; [@bib86]). A combination of correctors with different mechanisms of action is thus required to restore ΔF508-CFTR biogenesis, whereas correction on folding of NBD1 alone is insufficient ([@bib138]; [@bib161]). The idea of combination therapy was validated by [@bib153], who showed that surface expression of ΔF508-CFTR partially corrected by VX-809 can be further improved by other correctors to rectify its stability defects in NBD1 and NBD2, highlighting the importance of combination therapy in repairing the mutant protein. Although more mechanistic studies on the mechanism of CFTR correctors are warranted, if their actions entail interactions with incompletely folded CFTR or other proteins involved in CFTR maturation, solving the atomic structure of CFTR in its mature form may not be immediately useful for the development of CFTR correctors.

Blockers and inhibitors {#s25}
-----------------------

As described above, both functional and structural data indicate that the internal vestibule of CFTR is wide enough for a variety of large organic anions (e.g., glibenclamide; [Fig. 14 B](#fig14){ref-type="fig"}) serving as channel blockers ([@bib174]; [@bib179]; [@bib78]; [@bib233]; [@bib121]). The large size of the internal vestibule seen in the cryo-EM structure may account for the fact that the chemical structures of internal blockers vary a lot, except for the negative charge they possess. A lack of specificity also explains why so far we have not found internal blockers with nanomolar affinity. However, there is a general principle that hydrophobic blockers are more potent than hydrophilic ones (e.g., [@bib233]). The structure--activity relationship for internal blockers also provides insights into their interactions with the CFTR protein. For example, extensive studies of the sulphonylurea hypoglycemic agent glibenclamide, and the nonsulphonylurea hypoglycemic agents including mitiglinide and meglitinide, suggest that the sulphonylurea moiety and benzamide groups of glibenclamide interact respectively with two different sites in CFTR ([@bib29]; [@bib48]). [@bib48] further proposed that multiple residues along TM6 and TM12 are involved in binding of the sulphonylurea end of glibenclamide. However, mutagenesis studies done by other groups have identified K95 ([@bib119]) and R303 ([@bib189]) as possible binding sites for channel blockers working from the intracellular side of CFTR. Docking simulation also supports the idea that K95 is a critical and common binding site for several internal blockers including glibenclamide ([@bib51]). However, as alluded to in the pore section above, these positively charged amino acids (i.e., K95 and R303) sitting in a wide vestibule are likely well shielded by water molecules or negatively charged amino acids (e.g., K95 and E92) to avoid trapping of chloride in its permeation path. Neutralization of positive charges in the internal vestibule is expected to affect the local electropositive energy profile and subsequently impede the movement of anionic blockers into the pore. These positively charged amino acids do not necessarily have to be the binding sites. By the same token, mutations on TM6 and TM12 are also expected to influence the electrostatic profile of charged amino acids along the permeation pathway and thus affect the movement of internal blockers. As the blockade of CFTR by large organic anions exhibits a high voltage dependence, it is likely that these blockers will travel transiently through the internal vestibule and subsequently lodge at a deeper location of the pore ([@bib226]). As discussed below, we speculate that the wide lateral entrance and spatial internal vestibule revealed in the cryo-EM structure of CFTR's phosphorylated closed state may not undergo a drastic change in the open-channel conformation. However, solving the open-state structure will no doubt lay the foundation for developing more potent CFTR blockers.

Contrary to the internal blockers described above, the external entrance of CFTR's pore seems fairly resistant to blockade by large anions ([@bib233]). GlyH-101 ([Fig. 14 C](#fig14){ref-type="fig"}) is the only blocker that seems to occlude the pore from the extracellular side ([@bib145]; [@bib151]). A possible binding site for GlyH-101 was proposed at the external end of the pore where the charged head of GlyH-101 lies close to F337 and T338 residues with its hydrophobic tail inserted into the pore ([@bib151]). As described in the pore section, SCAM studies indeed showed that both F337 and T338 are pore-lining residues in the open-state conformation of CFTR ([@bib120]; [@bib14]). In contrast, in all three cryo-EM structures of CFTR's closed state, the proposed binding site for GlyH-101 is obstructed by the side chains of the surrounding amino acids. Thus, a rearrangement of the TMDs must occur upon gate opening so that the binding site for GlyH-101 is exposed to the anion permeation pathway. Interestingly, this scenario also suggests a state-dependent binding of GlyH-101 to CFTR, which has yet to be demonstrated.

Unlike pore blockers, there are other small molecules that reduce CFTR currents by interfering with CFTR gating. For example, (*R*)-benzopyrimido-pyrrolo-oxazine-dione ([Fig. 14 D](#fig14){ref-type="fig"}) inhibits CFTR gating by competing with ATP in the NBDs ([@bib184]; [@bib106]). On the other hand, CFTR~inh~-172 ([@bib136]), a thiazolidinone derivative ([Fig. 14 E](#fig14){ref-type="fig"}), exerts its inhibitory effect on CFTR gating through an unknown binding site ([@bib193]; [@bib107]). Although site-directed mutagenesis studies have identified the conserved R347 in TM6 as an important residue for the action of CFTR~inh~-172 ([@bib28]), comparing the effect of CFTR~inh~-172 on CFTR orthologues that respond to CFTR~inh~-172 differently, [@bib188] argue that the binding site is more likely located elsewhere in the CFTR. Our own kinetic studies provide evidence that CFTR~inh~-172 can bind to both the open and closed states ([@bib107]). More interestingly, binding of CFTR~inh~-172 does not inhibit CFTR, an observation that excludes a direct pore blocking mechanism; instead, an additional step (conformational changes) after binding leads to inhibition. Perhaps the most unique feature of CFTR~inh~-172 is that dissociation of CFTR~inh~-172 is drastically slowed down when CFTR's two NBDs are locked into a stable dimeric configuration, suggesting that CFTR~inh~-172 actually binds more tightly in a closed state with an NBD dimer ([@bib107]). With more and more atomic structures of CFTR becoming available down the road, we are optimistic that the molecular mechanism of CFTR~inh~-172 will be unveiled in the near future.

CFTR potentiators {#s26}
-----------------

For obvious reasons, tremendous efforts have been devoted to finding small molecules that can enhance the function of CFTR ever since the CFTR gene was identified ([@bib91]; [@bib169]; [@bib100]). This search paid off almost a decade ago when a highly potent and efficacious reagent, VX-770 (ivacaftor; [Fig. 14 F](#fig14){ref-type="fig"}), was discovered through high-throughput screening and a series of structural optimizations ([@bib199]). Successful clinical trials soon led to U.S. Food and Drug Administration approval for human use ([@bib1]; [@bib162]). Although the original use of VX-770 was for patients carrying the third most common disease-associated mutation, G551D, VX-770 was eventually approved to treat a wide spectrum of mutations causing gating defects of CFTR ([@bib221]; [@bib33]).

Although the mechanism of action for VX-770 on CFTR gating has been well characterized ([@bib61]; [@bib97]), the exact binding site for VX-770 remains unknown. Our recent studies at least exclude the R domain and NBD2 as the target for VX-770 ([@bib219]) and suggest that the binding site for VX-770 resides at the interface between membrane lipids and the TMDs of CFTR ([@bib97]) based on its hydrophobic property and the similar potentiating effects from intracellular and extracellular application. Supporting evidence from small-angle x-ray scattering shows that VX-770 can penetrate the lipid bilayer and predominantly accumulates in the internal leaflet ([@bib17]). Although there is still limited information about the binding sites for a CFTR potentiator, it is interesting to note that many CFTR potentiators share limited structural similarities ([@bib218]; [@bib158]; [@bib169]). However, a newly developed CFTR potentiator, GLPG1837 ([Fig. 14 G](#fig14){ref-type="fig"}), and VX-770, despite their structural differences, share the same mechanism of action, probably through binding to the same site in CFTR ([@bib220]), but GLPG1837, compared with VX-770, has a higher efficacy but a lower potency. This latest study also reveals a state-dependent binding of GLPG1837: tighter binding to the open state than the closed state. Thermodynamic analysis of the state-dependent binding of GLPG1837 using a classical allosteric modulation scheme supports the notion that the potency of a CFTR potentiator is determined by the absolute binding affinity of the drug to the CFTR protein, whereas the efficacy is decided by the difference in binding affinities between the closed state and the open state ([@bib220]). The state-dependent idea also bears a practical implication for drug development: using two potentiators binding to different sites not only enhances the overall efficacy (pharmacological synergism) but also mutually improves their individual potency. As the high-affinity VX-770 is much more hydrophobic than GLPG1837, it is also suggested that the binding site for these CFTR potentiators likely possesses hydrophobic amino acids. With the high-resolution structures of CFTR's TMDs resolved by cryo-EM, the next exciting step is to use this powerful technique to identify the binding sites for these clinically useful drugs. The resulting structural and functional insights may help design better medicines for the treatment of CF.

Not all potentiators share the same mechanism of action; there are potentiators whose chemical structures are very different from VX-770 and GLPG1837. For instance, ATP analogues that bind to the normal ATP binding sites in NBDs with higher affinity have been shown to gate CFTR better than the natural ligand ATP ([@bib4]; [@bib234]; [@bib30]; [@bib25]; [@bib140]). The well-known CFTR potentiator genistein is another example ([Fig. 14 H](#fig14){ref-type="fig"}). Genistein is the first potentiator shown to target the CFTR protein directly ([@bib70]; [@bib94]; [@bib214]). Genistein is distinct from VX-770 and GLPG1837 in that it has a bell-shaped dose--response relationship, suggesting at least two binding sites with opposite effects on CFTR: a high-affinity site accounting for potentiation and a low-affinity inhibitory site ([@bib206]; [@bib232]; [@bib152]; [@bib109]). Although the exact mechanism of action for genistein remains unclear, different approaches used to localize its binding sites suggest a binding site at the interface of the NBD dimer ([@bib142]; [@bib88]). In contrast, [@bib109] proposed that genistein may also bind within the CFTR pore. Taking advantage of the high-resolution of TMDs in cryo-EM structures, one may now evaluate other potential binding sites for genistein in the TMDs of CFTR.

NPPB ([Fig. 14 I](#fig14){ref-type="fig"}), which also blocks the CFTR pore ([@bib208]), is another potentiator that has a dual effect (i.e., pore blocking and modulation of gating) on CFTR. Several studies have demonstrated the effects of NPPB on CFTR gating ([@bib208]; [@bib42],[@bib43]; [@bib117]), but its mechanisms of action remain debated. Although [@bib42],[@bib43]) suggested NPPB modulates the transition state of CFTR, [@bib117] argue that NPPB facilitates NBD dimerization by stabilizing the NBD dimer. This discrepancy from functional data may be resolved by identifying the action site using cryo-EM. Nonetheless, a synergistic interaction between NPPB and VX-770 in rectifying the gating defects associated with the G551D mutation conveys an optimistic outlook in future drug development for combination therapy ([@bib117]). As more cryo-EM structures of CFTR will emerge in the future, we anticipate forthcoming identification of the binding sites for different CFTR potentiators. Successes in this area of research will lay the foundation for structure-based drug design of CFTR potentiators exhibiting pharmacological synergism for gating enhancement.

Epilogue {#s27}
========

Solving the atomic structures of CFTR is no doubt a celebratory breakthrough in the CF field. In the current article, we strive to take advantage of the molecular details provided by the structures to get a glimpse of the functional anatomy of CFTR. Decades of biochemical/biophysical studies have generated tremendous amounts of data that help interpretations of the solved structures. In the meantime, the structures also serve as a guide to scrutinize previous functional data and to plan future studies. We hope that our discussion has successfully integrated these two rich sources of information and hence provided a more comprehensive view of the structure and function of CFTR. We will end our discussion by covering, albeit speculatively, a topic that should interest those readers who may ponder the evolutionary relationship between CFTR, a bona fide ion channel, and ABC transporters that use ATP hydrolysis as the source of free energy to actively pump the substrate across the membrane.

The overall architectural similarities between CFTR and a typical ABC exporter (e.g., P-glycoprotein; [Fig. 15](#fig15){ref-type="fig"}) underscore the long-suspected evolutionary track in which a primordial transporter evolves into a channel. But channels and transporters are fundamentally different machines with different operational mechanisms ([@bib73]; [@bib36]). As many of the substrates for ABC exporters are hydrophobic in nature, their substrate translocation pathways can be partly exposed to the lipid bilayer. In fact, membrane lipids could partition into the substrate translocation pathway of the P-glycoprotein ([@bib18]), and some ABC exporters actually transport phospholipids ([@bib128]; [@bib229]). This free communication between the substrate translocation pathway and lipid bilayers, however, is an anathema for an ion channel. [Fig. 15](#fig15){ref-type="fig"} shows a comparison between CFTR and P-glycoprotein when incorporated into the lipid bilayer. Although the lateral cleft of P-glycoprotein penetrates into the membrane ([@bib131]; see <http://opm.phar.umich.edu> for many more examples), the part of CFTR's internal vestibule that is enclosed in the lipid bilayer is sequestered. We believe that this structural adaptation constitutes one of the essential steps for making a channel from ABC exporters.

![**Comparison of hCFTR and P-glycoprotein oriented within the lipid bilayer. (A)** Lateral view of hCFTR (Protein Data Bank \[PDB\] accession no. [5UAK](5UAK)) after being oriented within the membrane (left: front view as shown in [Fig. 4 A](#fig4){ref-type="fig"}; right: back view). **(B)** Lateral view of P-glycoprotein (PDB accession no. [4KSB](4KSB)) after being oriented within the membrane (left: front view; right: back view). Orientation of proteins in membrane was processed with the [Orientations](file:///C:\\\\Users\\\\Samantha%20Wolner\\\\Desktop\\\\JGP\\\\JGP_04_April\\\\JGP201711946\\\\Orientations) of Proteins in Membranes (OPM) database provided by the University of Michigan. Whole proteins are green with the hydrophobic residues in gold. Lipid bilayers are shown in cyan dots. The two dotted surfaces in each panel depict the boundaries of a whole membrane with a hydrophobic thickness of 31.4 ± 0.6 Å in A and 29.8 ± 1.3 Å in B. The cleft of the lateral entrance of CFTR is sealed so that the deeper part of the internal vestibule is well protected by surrounding TMs from being exposed to the lipid bilayer (31.4 ± 0.6 Å) even thicker than that in B (29.8 ± 1.3 Å). On the contrary, the largely opened inward-facing conformation of P-glycoprotein in B shows that the lateral cleft between halves of the TMDs protrudes deeply into the lipid bilayer, and therefore the internal vestibule of P-glycoprotein is connected to the lipid bilayer. **(C)** Lateral view of hCFTR (PDB accession no. [5UAK](5UAK)) within the boundaries of the membrane with the internal vestibule shown in surface view and all the TMs shown as ribbons. The yellow dot marks the external end of the internal vestibule. **(D)** Lateral view of P-glycoprotein (PDB accession no. [4KSB](4KSB)) within the boundaries of the membrane with the internal vestibule shown in surface view. The red dot indicates the external end of the internal vestibule. More ABC transporters orientated in the membrane showing deep cleft in the lipid bilayer similar to one with the P-glycoprotein can be seen in the [Orientations](file:///C:\\\\Users\\\\Samantha%20Wolner\\\\Desktop\\\\JGP\\\\JGP_04_April\\\\JGP201711946\\\\Orientations) of Proteins in Membranes (OPM) database provided by the University of Michigan.](JGP_201711946_Fig15){#fig15}

It is also worth noting that in the inward-facing conformations of CFTR, the internal vestibule stops within the outer leaflet of the membrane ([Fig. 7, A and B](#fig7){ref-type="fig"}, yellow dot; and [Fig. 15 C](#fig15){ref-type="fig"}). On the contrary, the more spacious internal vestibule in the P-glycoprotein protrudes from the inner leaflet of the cell membrane all the way over the outer leaflet and only stops outside the external boundary of the membrane bilayer ([Fig. 15 D](#fig15){ref-type="fig"}). Thus, the "external gate" of the P-glycoprotein ([Fig. 15 D](#fig15){ref-type="fig"}, region above the red dot) is located in the extracellular domain of the protein. As discussed in the pore section, the narrowest region of CFTR's pore may also serve as the gate. Then, contrary to that of P-glycoprotein, the position of CFTR's gate is buried in the membrane-spanning segments. This internal shift of the narrow segment (or gate) may be part of the evolutionary changes that allow CFTR's anion permeation pathway to comprise not only an internal vestibule but also a shallow external vestibule that can effectively attract anions to the external pore entrance.

What about open-channel conformations? We argue that when CFTR undergoes conformational changes to the open state, a state similar to the phosphorylated ATP-bound zCFTR structure ([Fig. 9 B](#fig9){ref-type="fig"}), its pore still needs to be isolated from membrane lipids. The flip-flop gating motion proposed for ABC exporters such as Sav1866 suggests that each NBD--TMD complex moves as a rigid body to convert the overall assembly from an inward-facing conformation with external gate closed to an outward-facing conformation with internal gate closed ([@bib213]; [@bib104]). Two problems emerge if one literally borrows this picture of gating motion for CFTR. First, the outward-facing structure of an ABC exporter has an even wider cleft freely communicable with the membrane lipid. Second, a closure of an "internal gate" for CFTR is not allowed for an open-channel conformation. Definitive answers to these issues will have to await the solution of CFTR's open-state structure. But the cryo-EM structure of zCFTR with dimeric NBDs published lately ([@bib228]) as well as some SCAM data using bulky MTS reagents did provide some hints for possible gating motions after NBD dimerization. As described in the pore section, internally applied bulky MTS reagents can reach the positions deep in the internal vestibule in both the open and the closed states, suggesting that there is no internal gate (i.e., degenerate gate hypothesis). The observation that bulky MTS reagents can enter the lateral entrance and subsequently the internal vestibule in the open state also means that once two NBDs dimerize, those TMs linking the pore domain and NBDs cannot undergo the same kind of motion proposed for ABC exporters lest a collapse of the lateral entrance occurs. In other words, a sizable gap connecting the internal vestibule and the bulk solution has to be present in the open state. Indeed, the most recently published phosphorylated zCFTR confirms the existence of a lateral entrance between TM4 and TM6 ([Fig. 9 B](#fig9){ref-type="fig"}), although this opening is smaller than that in the unphosphorylated structure of zCFTR ([Fig. 9 A](#fig9){ref-type="fig"}). As described above in the TMD--NBD interface section, the existence of a lateral entrance between TM4 and TM6 may ultimately result from the weakened interaction, particularly at the ICL1--NBD1 interface.

If the newly solved closed state with dimerized NBDs ([@bib228]) indeed represents a closed conformation right before gate opening (as proposed in the energetic coupling gating model in [Fig. 10 B](#fig10){ref-type="fig"}), this means that TMDs movements upon NBD dimerization do not open the gate synchronously. Based on our own SCAM data, we speculate that opening of the gate from this closed state may only need conformational changes that eventually expose the segments between S341 and T338 in TM6 and between L102 and I106 in TM1 (and at least one unidentified TM) to create an anion permeation pathway tilted to one side of the CFTR protein, instead of being right along the central axis. Unique to CFTR as an ion channel, ATP hydrolysis at site 2 then causes a (partial) separation of the NBD dimer, which facilitates conformational changes in TMDs for gate closure and hence to complete a gating cycle. Thus a protein, although it looks like a transporter, can be a real ion channel.

The advancement of cryo-EM technologies culminated in 2017 as the three pioneers in this field were awarded the Nobel Prize in Chemistry. Unlike x-ray crystallographic methods, cryo-EM does not require crystallization of interested proteins, which is often the rate-limiting step in solving the atomic structure of a membrane protein. The successful employment of cryo-EM techniques in solving the high-resolution structures of CFTR is no doubt a remarkable accomplishment. Unquestionably, we all anticipate more CFTR structures in different conformations will emerge in the near future. The next few years should be exciting, as both functional and structural studies will feed into each other with unique and yet respective insights. Perhaps we are not so far away from fulfilling the revered goal of "intelligent design" of drugs to overcome CF and CFTR-related illnesses.

Online supplemental information {#s28}
===============================

Table S1 shows the pore-lining residue comparison between functional data and cryo-EM CFTR structures.
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SCAM has been considered a gold standard for the identification of pore-lining residues in the ion channel field since its conception ([@bib2]). The basic idea of this method is to introduce a cysteine to the positions of interest one at a time through mutagenesis. Then whether the engineered cysteine could be accessible and modified by thiol-specific reagents applied from either the extracellular or intracellular side to alter the channel conductance is used as the indicator for its pore-lining role. The availability of a spate of thiol-specific reagents with different charges and sizes including bulky methanethiosulfonate reagents such as MTSES^−^ (width, ∼5 Å), MTSET^+^ (width, ∼6 Å), MTSEA^+^ (width, ∼5 Å; [@bib11]), and smaller, potentially channel-permeant reagents such as \[Au(CN)~2~\]^−^ and \[Ag(CN)~2~\]^−^ makes SCAM an unrivaled tool for the studies of CFTR's ion permeation pathways. The high water solubility of these reagents, the requirement for ionized cysteine side chain for effective reaction, and the extremely fast reaction rate infer an aqueous environment for the reacted cysteine, and the reactivity patterns can also suggest a secondary structure of the segment of interest. However, like other function-based assays, a positive hit does not guarantee the location of the targeted cysteine in the pore, especially in cases solely dependent on macroscopic current measurements. It is essential and yet oftentimes difficult to exclude the possibility that the positive effect is due to alterations in gating. Nonetheless, a large drop of the macroscopic current is expected if a negative charge is placed into the chloride permeation pathway.

At a physiological concentration of chloride ions (∼150 mM) immersed in an abundance of water molecules, it is strategically important that chloride ions are attracted to the entrance of the pore before entering into the internal vestibule. Then, the pore should be equipped with a favorable energy profile to attract the ion toward the internal vestibule and move it along to the narrow segment where some of the water molecules have to be stripped from the hydration shell to fit the dimension of the "selectivity filter." The energy penalty due to dehydration is paid by the intricate interactions between the dehydrated ions and the side chain or backbone of amino acids in this region. During the whole translocation process, proper chemical mechanisms need to be in place to avoid stalling of ion movement. For instance, a fixed charge (i.e., arginine or lysine) is useful to attract chloride, but the electrostatic force could be too strong if it is placed in a narrow region when chloride is mostly dehydrated. On the other hand, negatively charged side chains in the pore (especially near the narrow segment of the pore) may electrostatically repel chloride ions and hence should be neutralized by positively charged residues (e.g., the E92--K95 salt bridge in hCFTR). To speed up the exit of chloride from the selectivity filter, it may be necessary to have two close-by chloride binding sites in the selectivity filter region, where the resulting electrostatic repulsion could destabilize ion binding.

Two strategies were used to isolate the open-state modification from the closed-state modification. In [@bib14], the state-dependent modification protocol allows measurements of the apparent modification rates in the absence or presence of ATP. This protocol was adopted from experiments done on voltage-gated K^+^ channels ([@bib130]). Together with the *P~o~* value, the real modification rates in the open state and the closed state can be calculated ([@bib15]; [@bib76]; [@bib225]). A different strategy of measuring the modification rate in the open state is to introduce a hydrolysis-deficient mutant such as E1371Q ([@bib122]) or K1250A together with the mutant of interest or to use nonhydrolytic ATP analogue PP~i~ ([@bib65]) to lock open the channel so as to increase the *P~o~* close to unity in the presence of ATP, assuming that the hydrolysis-deficient mutation does not alter the accessibility of the mutant of interest. This latter method is somewhat problematic since the difference in *P~o~* between locked open channels and native channels is too small (usually less than twofold) to compensate for the high variability intrinsic to SCAM. Moreover, the assumption that abolishing ATP hydrolysis by altering E1371 in a mutant background guarantees a *P~o~* close to unity is problematic (e.g., [@bib222]). Therefore, once this strategy is used, the *P~o~* of resulting constructs should be rigorously assessed for a more accurate interpretation of the experimental data.

[^1]: J.-T. Yeh and J. Zhang contributed equally to this paper.
